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ABSTRACT 
 
Covetics are novel metal-carbon materials invented by Third Millennium Materials 
(TM2), LLC (Waverly, Ohio). In these materials metals such as copper, aluminum, zinc, silver, 
gold or other base metals or their alloys are combined with high weight percent of carbon 
powder (up to 9 wt %) in a new way.  
In this dissertation an experimental investigation was carried out to study mechanical 
properties, structure and composition (carbon content) of copper and aluminum alloy-based 
covetics. Covetic materials of 7075 Al, 6061 Al and 10200 Cu alloys obtained from TM2 were 
tested. 7075 Al materials were warm rolled while the other two materials were as-cast and no 
heat treatment was done on any of the samples. The 7075 Al covetic materials had carbon 
contents of 0, 3 and 5 wt%, 10200 Cu covetic materials had carbon contents of 0, 3, 5 and 9 wt% 
and 6061 Al covetic materials had carbon contents of 0 and 2.3 wt% as reported by TM2. The 
mechanical properties of covetics were measured by tensile test (Young’s modulus, 0.2% yield 
strength, ultimate tensile strength, and elongation), Charpy impact test (energy absorption), 
nanoindentation (elastic modulus and hardness) and Vickers and Rockwell methods (hardness). 
Scanning Electron Microscopy (SEM) and X-ray Diffraction (XRD) were used to analyze the 
structure of these materials. Carbon content of covetic materials was examined by Energy 
Dispersive Spectroscopy (EDS) and X-ray Photoelectron Spectroscopy (XPS). The experimental 
results indicate significant changes in the mechanical properties and structure of covetics with 
increasing carbon content. For Al covetics, mechanical testing showed the following 
enhancements in properties over the corresponding base materials: higher 0.2% yield strength 
and ultimate tensile strength, higher hardness (Rockwell, Vickers and nanoindentation), higher 
 III 
 
energy absorption (impact energy) and lower density, as carbon content increased.  XRD showed 
an increase in the lattice constant and a decrease in the average crystallite size with carbon 
increase. However, for the Cu covetics there was an optimum wt% of carbon beyond which the 
properties did not improve. In summary, the covetics studied in this dissertation exhibited 
improved mechanical properties with an increase in the carbon content which make them 
promising candidates for many engineering applications.  
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CHAPTER 1: INTRODUCTION  
 
1.1   BACKGROUND  
The ongoing efforts of creating novel materials focus on improving the performance of 
materials such as plastics, metals and ceramics by manipulating their structures to obtain new 
properties for a wide range of applications. This has led to the development of composite 
materials which are made from two or more constituent materials with significantly different 
physical or chemical properties, that, when combined, produce a material with characteristics 
different from either of the individual components [1]. These new materials are designed in such 
a way that they have improved properties compared to traditional materials. One of the typical 
engineered composite materials is a metal matrix composite combining different forms of carbon 
such as graphene, carbon nanotubes (CNTs), carbon nanofibers (CNFs), and other forms of 
carbon. Processing of these materials poses challenges and it may lead to an inhomogeneous 
distribution of carbon reinforcement and inadequate bonding between the carbon and metal. 
Covetics are a new class of materials which were recently invented by Third Millennium 
Materials (TM2), LLC (Waverly, Ohio) [2]. A new method of carbon catalyzation was developed 
to create covetics which uses molten metal and metal alloys as an ionizing medium. It was 
reported that nanocarbon structures form in situ while bonding to the metal ionizing medium [2, 
3]. Covetics are metal-carbon materials, which consist of a metal (made of copper, aluminum, 
zinc, silver, gold or other base element) and carbon combined by using a proprietary process, 
with higher carbon contents than those predicted by phase diagrams. TM2 introduced the term 
“covetic” following the hypothesis of Dr. David Cookson from the Argonne National 
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Laboratory.  He hypothesized that the carbon infused into the metal molecular structure and 
formed a covalent bond with the metal.  Initial testing has revealed that covetics respond to 
physical loads with deformation behavior more like that typical of polymers than that of metals 
[4-7]. In addition, covetic properties can be controlled by the chemical reaction and the carbon 
composition allowing them to be tailored for specific applications. Covetics promise to deliver 
superior properties for advanced engineering applications. However, they need to be further 
explored and better understood before they can be widely accepted and used commercially.  
In recent years, carbon in different forms: graphene [8, 9], carbon nanotubes [10-16], 
carbon nanofibers [17, 18], aggregated diamond nanorods [19], and nanodiamonds [20], has been 
combined with metals to manufacture composites. However, for ease of fabrication or recycling, 
the composites have a problem that they cannot survive remelting.  Covetics are the bonded 
carbon-metal materials that can survive repeated melting cycles [2, 3]. To date, these materials 
have demonstrated the ability to withstand more than 1500 degrees Celsius under an oxygen 
plasma lance without separation of carbon and metals [2]. As covetics are carbon compounds 
bonded with different metals, potential users will need to have an understanding of the carbon 
form and its effect on the properties and behavior of these materials. Since their invention, 
covetics have been created by combining carbon with 15 different metals and their alloys, and 
because of their reported unusual properties, the potential uses and advantages associated with 
covetics are numerous.  
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1.2   DISSERTATION STATEMENT  
This doctoral dissertation research focused on the structural and mechanical 
characterization and the evaluation of carbon content of aluminum alloy and copper alloy based 
covetics. The mechanical properties of interest included hardnesses at different scales, tensile 
properties, and energy absorption. Structural properties were evaluated using Energy Dispersive 
Spectroscopy (EDS), Scanning Electron Microscopy (SEM), and X-Ray Diffraction (XRD). 
Carbon content of the metals and their covetics were measured using SEM with Energy 
Dispersive Spectroscopy (EDS) microanalysis and X-ray Photoelectron Spectroscopy (XPS). 
 
1.3   DISSERTATION OUTLINE  
This dissertation addresses an experimental characterization of covetics made using three 
different metal alloys as base metals: 7075 Al, 6061 Al, and 10200 Cu. 
In Chapter 2, a literature review is provided that summarizes the different techniques 
proposed in literature to strengthen metals and its alloys thereby improving their mechanical 
properties. Different manufacturing processes are reviewed for metals and alloys in order to 
understand the advantages and drawbacks of each method. At the end of the chapter, various 
experimental data reported in literature on mechanical properties and the structures of metals are 
reviewed.  
In Chapter 3, the characterization of the structure, composition, and mechanical 
properties of aluminum carbon covetic materials is addressed. More specifically, we focused on 
warm-rolled aluminum alloy 7075 Al with 0, 3, and 5 wt% of carbon infused during processing. 
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These materials were made using the covetic process including the material with 0 wt% C, which 
was created for reference. Characterization included estimates of carbon contents using SEM 
with EDS and XPS, SEM imaging of tensile fractured and polished surfaces, XRD testing of the 
structure, and density measurements. Mechanical testing included tensile testing which provided 
Young’s modulus (E), 0.2% yield strength (YS), ultimate tensile strength (UTS), and tensile 
elongation at failure, Rockwell and Vickers tests which gave hardnesses, and nanoindentation 
testing which provided Young’s modulus and local hardness. The obtained experimental results 
were compared with data available in literature for 7075 Al alloy.  
Chapter 4 focuses on the characterization of the structure, chemical composition, and 
mechanical properties of 10200 Cu-C materials manufactured by the covetic process. More 
precisely, four different sets of materials in terms of carbon content: 0, 3, 5 and 9 wt% C were 
studied. These materials were made by TM2. Hardness, impact and tensile testing were 
conducted to evaluate mechanical properties of these materials. SEM and XRD studies were 
carried out to analyze microstructures of these materials, and SEM-EDS was used to assess 
chemical compositions. 
Chapter 5 addresses the effect of addition of carbon on the mechanical and structural 
properties of 6061 Al alloy made by the covetic process. For comparison purposes control 
samples of 6061 Al alloy covetics (0 wt% C) were also prepared and examined. Impact testing 
and hardness measurements at the micro and mesoscale were carried out in order to obtain 
mechanical properties of these covetics. SEM and SEM-EDS studies were conducted in order to 
investigate the structure, composition, and failure modes of these materials. XRD was carried out 
to obtain information on the average crystallite size of these materials. The experimentally 
obtained data was compared with that found in literature for a 6061 Al alloy. 
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The final chapter, Chapter 6, includes the summary, limitations of the experimental 
results, and recommended extensions to be considered in future studies. 
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CHAPTER 2: LITERATURE REVIEW 
 
2.1   METALLIC MATERIALS 
Metals account for about two thirds of all the elements and about 24% of the mass of the 
planet. Metals have highly desired engineering properties including high stiffness, strength, 
ductility, melting point, thermal and electrical conductivity, and toughness. From the periodic 
table, it can be seen that a large number of the elements are classified as being a metal. Among 
the common metallic materials, iron-carbon (steel) alloys are used for high strength applications, 
aluminum and its alloys are used because they are easy to form, readily available, inexpensive, 
and recyclable, copper and copper alloys have a number of properties that make them useful, 
including high electrical and thermal conductivities, high ductility, and good corrosion 
resistance, titanium alloys are used for high strength in higher temperature (~1000° F) 
application, when component weight is a concern, or when good corrosion resistance is required, 
nickel alloys are used for yet higher temperature (~1500-2000° F) applications or when good 
corrosion resistance is required, while refractory materials are used for highest temperature (> 
2000° F) applications. The key feature that distinguishes metals from non-metals is their metallic 
bonding. In metals valence electrons are free to move easily throughout the metal. The existence 
of these free electrons has a number of profound consequences on the properties of metals. For 
example, metals tend to be good electrical conductors because the free electrons can move easily 
within the material. Over the past decades, advancements in aviation and automotive industries 
have found that traditional metals and metal alloys are insufficient to meet design requirements 
and the need to produce metal matrix composites has been acknowledged. 
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2.2   METAL MATRIX COMPOSITES 
Since the early 1960s, there has been an ever-increasing demand for newer, stronger, 
stiffer, and yet lighter-weight materials in the fields such as aerospace, transportation, and 
construction. High demands of materials for better overall performance has led to extensive 
research and development efforts in the composite materials fields. The oldest manmade 
composite materials which are over 6000 years old are called wattle and daub.  This primitive 
composite was used for making walls using a combination of straw, wet soil, animal solid waste, 
sand, and clay [1].  Composite materials have low specific gravity that makes their properties 
superior in strength and modulus [2, 3] to many traditional engineering materials such as metals. 
As a result, these materials are now being rapidly utilized in industries that traditionally used 
metals, and these have become the forefront of research and development activity in many 
related areas. Composite materials that exist today can be categorized into five major classes, 
which include ceramic matrix composites (CMCs), metal matrix composites (MMCs), 
intermetallic matrix composites (IMCs), carbon-carbon composites (CCCs) and polymer matrix 
composites (PMCs) [3].  
Metal matrix composites (MMCs) are composite materials that are being formed by two 
or more materials or constituents [4].   The first application of MMCs can be dated back to a 
copper reinforced steel wire in the late 1960s [5].  The MMCs constituents, i.e. a matrix and 
reinforcement, complement each other in terms of their mechanical properties, e.g. strength and 
hardness [6].  In this literature review, the metals are the continuous matrix phase and the 
reinforcements (e.g., carbon reinforcement) are the discontinuous continuum phase.  
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The application of MMC ranges from sporting goods, e.g. golf clubs and tennis rackets, 
to concrete and metal bridges to aerospace industry, e.g. airplane bodies and satellites, and 
automotive industry, including radiator, engines, and frames.  Although majority of these MMCs 
has been extensively used in the automotive and aerospace applications, the MMC do have their 
limits.  For example, metals and their alloys have high strength and toughness but their elastic 
modulus is generally lower than that of a ceramic and their density is high.  On the other hand, 
ceramics have high elastic modulus but low ductility and toughness [7].  With the introduction of 
airplanes for airline, aerospace, and defense industries, the need for light weight and high 
strength material has been recognized.  The need to make the material lighter and stronger can 
increase fuel efficiency by reducing the overall payload weight for the flight [8].  The MMC 
usage has increased in years and is predicted to further increase. Figure 2.1 shows a 65% 
increase for the ground transportation industry from 2004 to 2013 [9]. 
  
Figure 2.1. Global outlooks of metal-matrix composites by different industries from 
2004 to 2013 [9]. 
For example, the aluminum MMCs usage from 1999 to 2014 for each automobile 
produced in the United States will increase from using 251 lb. to an estimated 280 lb [10].  These 
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aluminum MMCs usages include cars’ chassis, suspension, steering components, cylinder heads, 
cylinder blocks, pumps, radiators, and engine covers.  Therefore, new MMCs research has been 
continued for novel MMC with high elastic modulus, toughness, and high strength. 
 
2.3   METAL CARBON COMPOSITES 
Metal-carbon composites consist of a metal matrix and the carbon as reinforcing material. 
The zone between these two phases, the interphase, is an essential part of MMCs. Bonding 
develops from physical or chemical interactions, interfacial frictional stress and residual stresses 
due to a mismatch between coefficients of thermal expansion of reinforcement and matrix. The 
understanding and control of the underlying interfacial phenomena governing the transmission of 
thermal, electrical, and mechanical properties across the whole composite is of high importance 
when designing MMC for a particular application. 
2.3.1   Aluminum carbon metal matrix composites  
Aluminum carbon metal matrix composite (Al-C MMC) has been a main focus of study 
in recent years due to its superior properties such as the low density, high strength, and stiffness 
and its broad applications [11].  Al-C MMC manufacturing processes include powder 
metallurgy, hot extrusion, thermal sprayings, ball milling, and ultrasonic mixing [12]. In most 
current studies, Al-C MMCs have been mainly manufactured by two thermal spraying processes, 
i.e. cold spraying (Figure 2.2) [13] and plasma spraying (Figure 2.3) [14], respectively.  
Therefore, these two processes are reviewed next.      
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Figure 2.2. Schematic diagram of cold spray process [13]. 
 
Both cold spraying and plasma spraying processes belong to the family of thermal 
sprayings.  The major difference between the two methods is the temperature being used.  Cold 
spraying is performed at an ambient temperature with supersonic speed of 600 to 1500 m/s with 
pressurized gas, e.g. Helium, of up to 3.5 MPa [15]. On the other hand, the plasma spraying is 
performed by either a direct current or radio frequency discharge which melts the materials at 
atmospheric pressure with a thermal spraying heat source of 8000K.  Under this condition, the 
divided metal, e.g. Al, and the non-metal, e.g. carbon, are deposited into a molten or semi-molten 
state on a prepared substrate [16]. 
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Figure 2.3. Schematic diagram of plasma spraying [14]. 
 
The cold spraying process has several advantages over the plasma spraying.  The 
advantages include no bulk particle melting due to the low temperature process, no high 
temperature equipment required (e.g. extreme electrical heating equipment or fuel gases), no 
solidification stresses caused by temperature change, and producing of highly dense coatings 
with minimal effects by oxidation and phase changes.  On the other hand, the disadvantages of 
cold spraying include using ductile binders for hard brittle materials and high cost due to inert 
gas being used unless being recycled [13].  However, the plasma spraying process has its own 
advantages as well.  The advantages include stronger, denser, and cleaner coatings although the 
process itself is also relatively high cost and complex due to the equipment being used [14].  
The following discussion will compare mechanical properties, i.e. wear resistance, 
modulus of elasticity, and hardness of the cold sprayed and plasma sprayed Al-C MMC versus 
their aluminum counterparts (without carbon).  In addition, nanoindentation and nanoscratch 
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tests results are also discussed to compare the above mechanical properties. Finally, macro wear 
testing is reviewed as well on the plasma sprayed Al-C MMC.  
2.3.1.1   Cold spraying 
Chen et al. carried out the cold spraying process to mix CNT with Al and used 
nanoindentation and nanoscratch tests to evaluate mechanical properties (elastic modulus, 
hardnesses, and coefficient of friction) of the Al-CNT MMC.  They considered this method over 
plasma spraying because it did not involve high temperature and thus would not form a needle-
like Al4C3 phase, which is a brittle and hydroscopic material [17].  According to the research 
done by Sasaki et al [18] and Deng et al., Al4C3 phase degrades mechanical properties of the 
MMC at temperatures above 656.3°C. Temperature lower than that was used in the plasma 
spraying process [19].  The above experiment was carried out by using Hysitron Triboindenter 
with a diamond Berkovic indenter tip with a radius of 100 nm.  The data from the experiment 
proved that the indentation depths decreased as CNT % increased from 0% to 1% as shown in 
Table 2.1 [17].  
 
Table 2.1. Calculated contact and true wear values for cold sprayed Al-CNT coatings 
[17] 
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Furthermore, the experiment also showed that both elastic modulus and hardness of the 
cold sprayed Al-CNT MMC increased as CNT % increased from 0% to 1.0% in wt. as presented 
in Table 2.2 [17]. 
 
Table 2.2. Nanomechanical properties of cold-sprayed Al-CNT properties [17] 
 
In conclusion, the cold-sprayed Al-CNT MMC had higher elastic strength and hardness 
as seen in Table 2.2 compared to the cold-sprayed Al.  On the other hand, the coefficient of 
friction of the cold-sprayed Al-CNT MMC was not affected by addition of up to 1 wt. % of CNT 
[18].    
2.3.1.2   Plasma spraying 
Balani et al. [20] conducted an experiment to compare the wear volume loss, 
microstructure, and friction with different CNT length scale in four different Al-CNT-MMCs.  
The four different microstructures for the Al-CNT-MMCs studied in their experiments were as 
follows:   
1. A-SD coatings (0 wt. % CNT) 
2. A4C-B (Al2O3 – 4 wt. % CNTs agglomerated in matrix) 
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3. A4C-SD (Al2O3 – 4 wt. % CNT dispersed in matrix) 
4. A8C-SD (Al2O3 – 8 wt. % CNT dispersed in matrix) 
 
The nanoscratch testing was also done by using a Hysitron Triboindenter, same as in the 
cold spraying experiment performed by Chen et al.  In addition, macro-scale wear testing was 
also performed by comparing time-volume-loss profile of coatings during the 150 min testing 
with the 15-min specimen’s weight loss recording interval.  The experimental results are shown 
in Table 2.3, Table 2.4, and Figure 2.4.  The plasma sprayed Al-CNT MMC experiment had also 
demonstrated that both elastic modulus and hardness increased as CNT % increased from 0% to 
8%, same as cold sprayed Al-CNT in wt. with the decreasing of porosity as well.  The decrease 
in porosity resulted in better mechanical properties of the Al-CNT MMC as CNT % wt. 
increased. 
 
Table 2.3. Mechanical properties and microstructural features of plasma sprayed Al-CNT 
MMC [20] 
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Figure 2.4. Temporal wear-profiles of plasma-sprayed coatings showing volume loss 
[20]. 
 
Table 2.4. Macro-wear rate of plasma-sprayed coatings [20] 
 
 
The macro wear testing results are presented in Figure 2.4 which shows that high CNT 
content results in less volume loss.  The wear rates decreased dramatically to over 49.4 times 
with the composite as the wt% of CNT went from 0 to 8%.  In addition, although both A4C-B 
and A4C-SD had 4 wt. % CNT but since A4C-SD underwent an additional processing where the 
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CNTs were dispersed inside the matrix, the A4C-SD coatings had a little bit of advantage over 
that of A4C-B which used only a one- step process.  The reason for the advantage was that the 
dispersed CNTs, which were more homogenously distributed than in A4C-B due to spray-dried 
powder feedstock, enhanced the plasticity and micro-deformation of A4C-SD.  Therefore, the 
above results also show that processing techniques could help the distribution of CNTs leading to 
different properties. On the other hand, the coefficient of friction did not improve as seen in 
Table 2.5. with the addition of CNT but the nano wear resistance was improved dramatically 
from 1.8x, 3.1x, and 17.8x respectively similarly as the macro wear resistance when the %wt. 
CNT increased [20]. 
 
Table 2.5. Friction and nano wear resistance improvement data from nano-scratch test 
[20]  
 
 
Furthermore, few other experiments using different types of carbon reinforcements with 
aluminum and/or different processing methods, including Al-C-MMC by molecular level mixing 
(MLM) process [21], Aluminum Silicon CNT by plasma spray [22], Al-C with tape casting [23], 
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Hydroxyapatite with Al-CNT [24], and Al-CNT in sea water environment [25], were done and 
the increasing wear resistance and hardness were found. 
2.3.2   Copper carbon metal matrix composites  
Copper carbon metal matrix composite (Cu-C MMC) had been a main focus in thermal 
management applications, e.g. heat sink applications, due to its superior conductivity of 
approximately 3000 W/mK (CNT), which is almost 8 times that of Cu, 400 W/mK [26].  There 
were few models proposed to determine the thermal conductivity for Cu-C MMC.  For example, 
in 2004, Nan et al. proposed a model to determine the thermal conductivity of Cu-C MMC using 
Maxwell-Garnett effective medium theory [27]. In addition, in 2011, Gao et al. had used 
molecular dynamics to predict the thermal resistivity of Cu-C MMC with the assumption of 
coherent transport without the interaction between electrons and photons [28]. Additional studies 
were also done on hardness, coefficient of friction and wear tests similar to the experiments on 
Al-C MMC with different types of manufacturing processes.  
Cu-C MMC manufacturing processes included molecular level mixing (MLM), electro- 
less and electro-deposition of Cu on C, and powder metallurgy, etc. Moreover, ball milling was 
also extensively used to disperse carbon reinforcements in Cu powder for manufacturing MMC. 
For Nickel and Inconel [29] based composites, to promote better bonding and wettability 
between the metal and carbon the ball milling method was used.  One advantage of Cu was that 
there was no carbides formation between Cu and C like the Al4C3 in aluminum carbon metal 
matrix composite but wettability was still an issue between Cu and carbon reinforcements [26].    
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Figure 2.5. Cu-C phase diagram [30]. 
 
Therefore, the Cu-C MMCs that were manufactured by ball milling, MLM and spark plasma 
sintering (SPS) technique were reviewed.  Furthermore, a Cu-C phase diagram (Figure 2.5) was 
included for reference [30]. 
2.3.2.1   Spark Plasma Sintering (SPS) 
Chua et al. [31] used SPS to manufacture Cu-CNT MMC and the result showed that 
CNTs started to cluster in Cu matrix with 15 wt% CNTs while 0 to 10 wt% CNTs showed 
remarkably evenly distributed pattern as seen in Figure 2.6. 
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Figure 2.6. (e) Cu matrix with 10 wt% CNT (f) Cu matrix with 15 wt% CNT [31]. 
 
2.3.2.2   Ball milling 
Dong et al. [32] carried out similar experiment with testing of hardness, coefficient of 
friction, and wear of Cu-CNT MMC obtained using ball milling process with Ni-coated CNT  
 
Figure 2.7. Hardness vs wt. % CNT addition (f) in Cu-CNT MMC [32]. 
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and compared his results to Cu-CF MMC.  Vicker’s hardness tester was used to test the hardness 
of the Cu-CNT MMC and the coefficient of friction testing was done with 100 N and velocity of 
0.42 m/s.   The hardness test results showed improvement for up to 12 wt% of CNT addition.  
The hardness of Cu-CNT MMC decreased after that and when CNT addition was at 25 wt%, the 
hardness was even lower than the pure Cu MMC (Figure 2.7). 
 In a later study Patil et al. [33] found that 4 wt% is the optimum wt% for both SWCNT 
and MWCNT addition in a Cu matrix.  Their experiment showed that density decreased starting 
at 4 wt% CNT and thus the increased porosity softened the material even though SEM showed a 
uniform distribution of the CNTs in Cu-CNT MMC.  This microhardness test result was much 
lower than what Doug et al. and Chu et al. reported.  The discrepancy could be due to the fact 
that the Cu-CNT MMC that Patil et al. manufactured had higher porosity than those made by 
Doug et al. and Chu et al. 
 
Figure 2.8. Hardness vs. wt. % of MWCNT in Cu-CNT MMC [33]. 
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Figure 2.9. Hardness vs wt. % of SWCNT in Cu-CNT MMC [33]. 
 
Furthermore, other experiments related to Cu-C MMCs with different forms of carbon 
reinforcements and different processing methods including pulse-reverse electrodeposition for 
electronic plating [34] and metal-nonmetal transition in Cu-CNT films for pressure sensors [35] 
were reviewed.  Additional studies on enhanced electro migration (EM) resistance done by Chai 
et al. showed that Cu/CNT could be used where good EM resistance and high current density 
was required [36]. In addition, other similar studies like Li et al. [37] showed an increase in 
Young’s modulus when using cold rolling and annealing for Cu-CNT MMC. 
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2.4   INTERFACIAL BONDING 
Interfacial bonding has significant effect on the mechanical properties of MMCs.  The 
interfacial bonding can strengthen or degrade the MMC properties dependent upon the type and 
amount of the phases, e.g. carbides, being formed in the matrix.  The bonding for MMCs can be 
developed by chemical reaction, residual stress, and physical interlocking, among others.  For the 
chemical reaction, when the metal is melted using liquid phase processing, e.g. hot plasma 
sintering method, interface carbide will form by oxidation of the base material with the reduction 
process of the reinforcement.  The interfacial region consists of the compound that is made of the 
metal and reinforcement.  The compound, i.e. carbide, in most cases degrades the mechanical 
properties of the MMCs as studied by Sasaki et al.[18] and Deng et al.[38].  On the other hand, 
small amount and volume of these carbides formed in the interface region can improve 
mechanical properties [39].  As for the residual stress at the interfacial region, it is induced by 
the mismatch of thermal expansion between the reinforcement, e.g. CNT, and the base metal. In 
addition, the physical bonding is also affected by the surface roughness of reinforcement and the 
wetting material that may be used to enhance the mechanical interlocking mechanism between 
the base material and reinforcement. [40].  
There are a few ways to improve interfacial bonding between metal and the 
reinforcement.  They include heat treatment, alloying, and usage of wetting material. For 
example, using SiC in Al CNT matrix will deter the formation of Al4C3.  On the other hand, for 
the unreactive metal like magnesium, aluminum can be used to facilitate formation of small 
amount and sizes of carbide which would improve bonding between Mg and C. Table 2.6 below 
provides a few examples of the interfacial reactions between different metals and different 
nanocarbon reinforcements [40].  
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Table 2.6. Reaction for metals and the reinforcements at <800°C processing [40] 
           
 
Although compressive strengths do not seem to be affected much by the interfacial 
bonding as seen in study by Bakshi, [39], the poor interfacial bonding will act as a pre-existing 
crack for materials that require tensile strength as seen in the experiment done by Hwang et al. 
[41].  On the other hand, the interfacial bonding consisting of small amounts Al4C3 had been 
credited for a 129% increase in compressive strength for Aluminum CNT MMC by Bakshi.  
Although the interfacial bonding can help load transfer from matrix to reinforcement and thus 
increase the mechanical properties of MMCs, the ductility of the matrix will decrease due to the 
hardness of the interface region.  In addition, wetting will help to improve the properties and 
phases for the interfacial region [39]. Poor wetting affinity shown by carbon for aluminum [41] 
and copper [42] contributes to weakening of the interfacial bonding between carbon and the 
metal [26]. Several techniques [43-45] have been proposed to facilitate uniform distribution of 
carbon reinforcement in the metal but many of them have associated disadvantages [26]. 
 
 
Al Mg+Al Mg Cu Ti
C Al4C3
Al4C3 (>2% Al)
Al2MgC2 (<2% 
Al) No reaction No reaction No reaction
Si AlSi Mg2Si Mg2Si No data Ti5Si3
SiC Al4C3 + Si Al4C3 + Si No data No reaction TiC + Si
TiC
Al4C3 + Ti
Al4C3 + Al3Ti No data No data No data No data
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2.5   COVETICS 
Though metal carbon composites showed improved mechanical performance, their large 
scale production with uniform distribution of carbon reinforcements and good interfacial 
bonding remains a problem. In contrast to the method of mixing separately produced carbon 
reinforcements with the metal, covetics are produced by a novel technique that leads to the 
formation of carbon structures in-situ [46]. This alleviates the problem of poor wetting between 
carbon and metal when carbon reinforcements are introduced into the metal. 
 
Figure 2.10. He-ion fractured image of as-extruded aluminum 6061 covetic 3 wt% carbon [47]. 
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Studies such as LECO Combustion Analysis and Glow Discharge Mass Spectrometry 
done on covetics to study their carbon content failed to identify majority of carbon, indicating 
that carbon is very well bonded and dispersed in the metal medium [47, 48]. Use of techniques 
such as Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), X-ray 
Spectroscopy (XPS), Raman Spectroscopy and Electron Energy Loss Spectroscopy (EELS) by 
Salamanca-Riba et al. [47] revealed that carbon was present at two different levels in the metals. 
They reported that some carbon was in the form of particulate nano-carbon of particle size 50-
200 nm and the other form of carbon was in the range 5-100 nm which was connected in a 
network. He-ion fractured image of as extruded aluminum 6061 covetic with 3 wt% carbon in 
Figure 2.10 showed that these carbon particles were uniformly distributed in the metal.  
 
Figure 2.11. SEM image of as-extruded aluminum 6061 cv 3wt% showing carbon 
network [47]. 
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The same group tested copper and aluminum covetics and revealed that lattice-
incorporated carbon was present in different forms in different metals. In aluminum, lattice-
carbon was shown to form strips oriented mostly along the preferred crystallographic directions 
(Figure 2.11), while in copper, carbon formed modulation along various crystallographic 
directions (Figure 2.12). Electron Energy Loss Spectroscopy and Raman Spectroscopy were also 
performed in that study on Al and Cu covetics to understand the form of carbon present inside 
the metal lattice, which suggested graphite like sheets and sp2 bonding which indicated CNTs 
[47]. 
 
Figure 2.12. HRTEM image of a Cu cv 5wt% sample showing modulation [47]. 
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Figure 2.13. Stress vs. strain behavior comparison of covetic and non-covetic as-
extruded Al-6061 [48].            
 
Figure 2.14. Stress vs. strain curves for centrifugally cast covetic and non-covetic copper 
[48]. 
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Mechanical testing conducted by Forrest et. al. [48] confirmed improvement in yield 
strength and tensile strength with increasing carbon content in 7075 Al covetics. As-extruded 
aluminum 6061 covetic (3 wt% carbon) showed 30% improvement in yield strength (Figure 
2.13) as compared to the material with no carbon. Similar testing on centrifugally cast covetic 
and non-covetic copper revealed higher strength for the covetic. However, the covetic failed 
sooner which was believed to be caused by porosity (Figure 2.14).  
These preliminary results on covetics described above illustrate very interesting 
characteristics of covetics. However, there is still no comprehensive analysis of these materials. 
This dissertation addresses this challenging and widely open subject. 
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CHAPTER 3: CHARACTERIZATION OF ROLLED 7075 AL COVETICS 
 
3.1   INTRODUCTION 
 There is a continual need for new materials which are lighter and stronger. Among 
industrial metals, aluminum and aluminum alloys are widely used because of their low relative 
density, high strength, excellent corrosion resistance, and good machinability [1]. Continued 
demand for this high performance metal has led to the development of aluminum-based Metal 
Matrix Composites (MMCs) where reinforcement is added to the metal and the constituents 
complement each other in terms of their mechanical properties, e.g. strength and hardness [2], to 
give rise to a unique class of materials. The improvements in physical and mechanical properties 
of aluminum-based MMCs have made them attractive candidates for industrial applications in 
fields such as aerospace, automotive, renewable energy, electronics, construction and other 
industries [3]. Among other choices, carbon-based fillers have been used to improve properties 
of different materials: polymers [4-7], ceramics [8-10], and metals [11, 12].  
 Studies reported that an Al 2024 system infused with carbon nanotubes (CNTs) showed 
superior mechanical properties such as improved hardness and tensile strength [13, 14] over a 
conventional alloy. Multiwalled nanotube (MWNT)-aluminum composites showed greater 
improvements in strength and hardness while graphene-aluminum composites showed decrease 
in mechanical properties [15] when compared with systems containing no carbon. Some recent 
studies reported improvements in mechanical, thermal, and wear properties utilizing a plasma 
spray method to disperse nanoparticles into an Al system [16-18]. There are few reports in 
literature addressing the solubility of carbon in aluminum but there are no such materials 
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available commercially [19, 20]. Several studies have been carried out on mixing aluminum and 
carbon for high temperature applications [21, 22]. Researchers also used a sputtering technique 
to fabricate aluminum-carbon thin films, verified carbon content by SEM and TEM imaging, 
presented insights on forms of carbon, and showed improved properties [23].  
 Recently, Third Millennium Materials, LLC (TM2) (Waverly, Ohio) developed a new 
manufacturing process using which carbon can be infused into several different metals or alloys, 
including aluminum [24-27]. In these novel materials, called “covetics,” the carbon-metal bond 
is very strong, resisting many standard methods of detecting carbon, and the carbon does not 
separate out during remelting, laser ablation, or magnetron sputtering.  
 In this chapter, the characterization of the structure, composition, and mechanical 
properties of the aluminum carbon covetic materials is addressed. More specifically, we focus on 
warm-rolled aluminum alloy 7075 Al with 0, 3 and 5 wt% of carbon infused during processing. 
All these three materials were made using the covetic process. Characterization included 
estimates of actual carbon contents using scanning electron microscopy (SEM) with energy 
dispersive spectroscopy (EDS) and x-ray photoelectron spectroscopy (XPS), SEM imaging of 
tensile fracture surfaces and polished surfaces, x-ray diffraction (XRD) testing of structure, and 
density measurements. Mechanical testing included tensile testing which provided Young’s 
modulus (E), 0.2% yield strength (YS), ultimate tensile strength (UTS), and tensile elongation at 
failure, Rockwell and Vickers tests which gave hardness, and nanoindentation testing which 
provided local Young’s modulus and hardness. The obtained experimental results were 
compared with data available in literature for 7075 Al alloys. 
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3.2   MATERIALS AND METHODS 
3.2.1   Materials 
The 7075 aluminum covetics, manufactured by TM2, with 0, 3 and 5 weight percent of 
carbon (target compositions as reported by TM2), were characterized. In the notation used in 
figures these three types of materials were denoted as 0 wt% C, 3 wt% C, and 5 wt% C, 
respectively. The weight percentages of carbon were the processing compositions. These 
materials were all produced using the covetics manufacturing process. They were in the T0 
condition and rolled 5 times at 20% reductions per pass to a thickness of 1.0 mm (0.04 in) from 
the as-cast 1.0 cm (0.40 in) thick samples. All three billets were cast in the same furnace and 
rolled in the MSC Rolling Mill (Manufacturing Sciences Corporation, Oak Ridge, TN) in the 
same batch after side-by-side homogenization at 450 ºC. 
3.2.2   Calculation of 7075 Al-C phase diagrams 
The CALPHAD (CALculation of PHAse Diagrams) method was used to predict phase 
diagrams computationally. This method is based on the fact that a phase diagram is the 
representation of the thermodynamic properties of a system. If the thermodynamic properties are 
known, then it is possible to calculate the multi-component phase diagrams. Thermodynamic 
descriptions of lower order systems (e.g., the Gibbs energy of each phase) are combined to 
extrapolate higher order systems. 
3.2.3   Density measurement 
Densities were obtained by measuring the weights and volumes of at least five samples of 
50 × 25 × 1 mm3 sizes for each carbon content level. The samples were ground down to have 
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smooth and parallel edges prior to measurements. Sample dimensions were measured at three 
different locations, and the values were averaged. Theoretical densities for the samples were also 
predicted by applying a rule of mixtures as shown in equation 3.1. 
ρ = ρc fc + ρa fa                                                                                                 (3.1) 
where ρ and f represent density and volume fraction, respectively, and subscripts c and a denote 
carbon and aluminum, respectively. 
3.2.4   Indentation testing 
Hardness testing was carried out at three different length scales (nanoscale, microscale, 
and mesoscale) to determine local and global hardnesses of the Al 7075 alloy covetics. 
Specimens were polished by using a series of abrasive papers and polishing cloths. The samples 
were polished using an ECOMET 3000 grinder with sandpaper having grit sizes of 320, 600, 
1200, and 2400. Then, the samples were polished using the same grinder-polisher with polishing 
powder (3.0, 1.0, 0.3 and 0.02 micron de-agglomerated alpha alumina) in four stages with the 
help of polishing cloths. 
At the nanoscale, TI 950 TriboIndenter® (Hysitron, Minneapolis, MN) was used to 
perform nanoindentation tests on the plane parallel to the rolling direction. Indentations were 
made with a diamond Berkovich tip. Indentation sites were selected using TriboIndenter’s 
optical system. For all test areas, 8000 μN load-controlled indents were made using a five-second 
load, two-second hold, and five-second unload function. Sixteen indentations were conducted on 
each specimen. Hardness, H, and reduced elastic modulus, Er, were obtained from the software 
and elastic modulus, Es, was calculated using equation 3.2 [28]. 
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                                                                            (3.2) 
where the subscript i corresponds to the indenter material, the subscript s refers to the indented 
material, and ν is Poisson’s ratio. For a diamond indenter probe, Ei is 1140 GPa and νi  is 0.07, 
and νs is 0.33 for 7075 Al. 
At the microscale, Vickers microhardness (VHN) was measured on the surface parallel to 
the rolling direction by applying a load of 3 kg for 15 sec (Shimadzu microhardness tester HMV-
M3, Newage Testing Instruments, Inc., Feasterville, PA). The surface of the specimen was 
prepared the same way as for the nanoindentation test. The hardness value was the average of 
five measurements made on the surface of each specimen. At the mesoscale, Rockwell hardness 
(HRB) was also measured on the same plane (Wilson/ Rockwell Hardness Tester by Instron, 
Grove City, PA). 
3.2.5   Tensile testing 
Tensile specimens were prepared from the same rolled sheets as those used for the 
indentation tests in accordance with the ASTM Standard E-8/E8M-09 [29] sub-size 
specifications with a 25 mm (1.0 in) gauge length. The tensile test was performed using an MTS 
servo hydraulic materials testing machine (MTS 22 kips load cell) operated at a constant 
crosshead speed of 0.0254 mm/s (0.001 in/s). Four samples of each kind were machined to the 
same length and shape in three different orientations (0°, 45°, and 90°) with respect to the rolling 
direction as shown in Figure 3.1. An extensometer with 25.4 mm (1.0 in) gauge length was used 
to obtain a displacement. Load-displacement data were recorded and used to generate stress-
2 21 (1 ) (1 )s i
r s iE E E
ν ν− −
= +
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strain curves and calculate Young’s modulus (E), ultimate tensile strength (UTS), percent 
elongation (% EL) and yield strength (YS). 
 
 
 
 
 
Figure 3.1. Preparation of tensile samples in different directions. 
3.2.6   X-ray Diffraction (XRD) analysis 
The powder XRD data were collected on a Bruker D8 Venture equipped with a four-
circle kappa diffractometer and Photon 100 detector. An Iμs microfocus Cu source supplied the 
multi-mirror monochromated incident beam. The sample was dispersed in a minimum amount of 
paratone oil, loaded onto a 0.3 mm loop, and exposed for 180 seconds for each of several frames. 
The frames were merged and integrated from 5 to 100 degrees 2θ. In the final spectrum, data 
were normalized to facilitate pattern matching, and the baseline was corrected using a Chebyshev 
polynomial. 
3.2.7   Scanning Electron Microscopy (SEM) imaging 
Scanning electron microscopy was used to visualize fractured and polished surfaces and 
to quantify carbon content. 
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First, SEM images were taken using a Field-Emission Environmental Scanning Electron 
Microscope (ESEM-FEG) with Energy-Dispersive Spectroscopy (EDS) (Philips XL30 ESEM-
FEG, FEI, Hillsboro, OR). Tensile fracture surfaces of 7075 Al alloy covetic specimens from 
zero degree orientation (tested along rolling direction) were imaged. Samples were imaged with 
no coating or other sample preparation. 
Then, SEM with Energy Dispersive X-ray Microanalysis was conducted by using a JEOL 
7000F Analytical SEM to visualize the microstructure and quantify the chemical composition. 
The samples were polished using an ECOMET 3000 grinder with sandpaper having grit sizes of 
320, 600, 1200 and 2400. Later those were polished using the same grinder-polisher with 
polishing powder (3.0, 1.0, 0.3 and 0.02 micron de-agglomerated alpha alumina) in four stages 
with the help of polishing cloths. Final polishing was done in a Vibratory polisher with buffer 
solution for 3-4 hours. Samples were cleaned with warm water in an ultrasonic bath and final 
cleaning was done using Ethanol. 
3.2.8   X-ray Photoelectron Spectroscopy (XPS) analysis 
The XPS spectra were measured using a Physical Electronics model 5400 X-ray 
photoelectron spectrometer by Azzam Mansoor at the Naval Surface Warfare Center, Bethesda, 
MD. The data were collected at room temperature using a nonmonochromatic Al Kα (1486.6 eV) 
X-ray source operating at 400 W (15 kV and 27 mA). Data collection proceeded when the 
pressure in the analysis chamber reached ≈2 x 10-8 Torr. Multiplex spectra for the Al 2p, Al 2s, C 
1s and O 1s photoemission regions were collected at an electron takeoff angle of 45 degrees, 
analyzer pass energy of 35.75 eV (analyzer resolution of 0.54 eV), 0.2 eV/step, and integration 
interval of 50 ms/step and averaged 10, 10, 50, and 100 scans per region, respectively. The 
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analyzed region was set to 1 x 3.5 mm2. Depth profile analyses were made using 4 keV Ar ions 
with a raster size of 5 x 5 mm2. The spectra were collected after sputtering for 1- or 2-minute 
intervals for a total sputtering time of 20 minutes. The sputtering rate was calibrated using a 
1000 Å SiO2 film on a Si substrate and was found to be in the range of 25-30 Å of SiO2 per 
minute. The composition of the analyzed region was determined using the sensitivity factors 
provide by the manufacturer, namely 0.256 (Al 2p), 0.314 (C 1s) and 0.733 (O 1s).  
 
3.3   RESULTS 
3.3.1   Calculation of 7075 Al-C phase diagrams 
The computationally predicted phase diagram of the 7075 A1-C system by the 
CALPHAD method is presented in Figure 3.2. From the figure it is clear that Aluminum Carbide 
(Al4C3) was the only stable compound found in mixing 7075 aluminum and carbon. Also, along 
with other phases, the two common phases found were namely S-PHASE (Al2CuMg) and T-
PHASE (Zn-Mg-Al-rich phase).  
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Figure 3.2. Predicted phase diagram of 7075 A1-C system [S-PHASE (Al2CuMg), T-PHASE 
(Zn-Mg-Al-rich phase)]. 
3.3.2   Density measurement 
Measured densities were 2.79, 2.77 and 2.76 g/cc for the three carbon levels, 
respectively. Theoretical densities were predicted by using the rule of mixtures as given in 
equation 3.1. In calculations we assumed the density of an amorphous carbon as 1.8-2.1 g/cc and 
the density of 7075 Al as 2.81 g/cc (ASM Handbook). Measured densities were almost identical 
to theoretical ones (see Table 3.1). Data presented in this dissertation represents Mean ± S.E.M., 
unless stated otherwise. 
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Table 3.1. Measured and theoretically obtained densities of 7075 Al covetics  
 
Material 
Measured Density 
(g/cc) 
Theoretical Density 
(g/cc) 
0 wt% C 2.79 ± 0.22 2.81 
3 wt% C 2.77 ± 0.19 2.78 - 2.79 
5 wt% C 2.76 ± 0.20 2.76 - 2.77 
 
 
3.3.3   Indentation testing 
Vickers and Rockwell hardness tests showed improved properties for covetics with 
carbon addition as shown in Figure 3.3. More specifically, for the 5 wt% C material, the Vickers 
hardness increased by 33% and the Rockwell hardness increased by 32%. Nanoindentation tests 
were performed on the same rolled sheets as were used in the hardness tests and were in the 
plane parallel to the rolling direction. Measured quantities were the reduced elastic modulus, Er, 
and hardness, H. From Er, and using equation 3.2, the elastic modulus (Es) was calculated. Both 
Es and H increased for covetics (see Figures 3.4 and 3.5). The elastic modulus and hardness 
increased for covetics (5 wt% C) by 8% and 43%, respectively, as compared to the 0 wt% C 
samples. 
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Figure 3.3. Vickers (Kgf/mm2) and Rockwell B hardness versus carbon content. 
 
 
Figure 3.4. Elastic Modulus (Es) versus carbon content measured by nanoindentation. 
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Figure 3.5. Hardness (H) versus carbon content measured by nanoindentation. 
 
 
3.3.4   Tensile testing 
 Tensile testing results of these samples in three different orientations were presented in 
Figures 3.6 – 3.9. Both the UTS and the 0.2% YS, measured using tensile testing, increased as the 
carbon content increased. The UTS increased by 40% (from 0 to 5 wt% C) for a 0 degree 
orientation, from about 400 MPa to nearly 600 MPa, respectively. Similarly, the 0.2% YS 
increased by 41% with increasing carbon content at 0° orientation. 
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Figure 3.6. UTS with different carbon content and orientation. 
 
 
 
 
 
 
 
Figure 3.7. 0.2% YS with different carbon content and orientation. 
 45 degree 0 degree 90 degree 
 45 degree 0 degree 90 degree 
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Figure 3.8. E with different carbon content and orientation. 
 
 
 
 
 
 
 
Figure 3.9. % EL with different Carbon content and orientation. 
 45 degree 0 degree 90 degree 
 45 degree 0 degree 90 degree 
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3.3.5   X-ray Diffraction (XRD) analysis 
 The results from the XRD analysis of the 7075 Al and its covetic samples are 
summarized in Figures 3.10-3.13. The XRD patterns of 7075 Al with 0 wt% C, 3 wt% C, and 5 
wt% C are shown in Figure 3.10 using only one representative example. The XRD patterns were 
further analyzed to determine the crystallite size of the materials as shown in Figure 3.11. Lattice 
parameter and lattice strain from the XRD measurements are also shown in  
 
 
Figure 3.10. A typical example of the XRD pattern is shown for 7075 Al covetics with 
increasing wt% of C. 
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Figure 3.11. Effect of wt% of C on the average crystallite size of 7075 Al covetics. 
 
Figure 3.12. Changes in lattice parameter due to different wt% of C in 7075 Al 
covetics. 
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Figures 3.12 and 3.13. Both the lattice parameter and lattice strain increased with increasing 
carbon content in 7075 Al covetics. 
3.3.6   Scanning Electron Microscopy (SEM) imaging 
 The SEM micrographs of fractured tensile samples of the covetics and 7075 Al alloy are 
shown in Figures 3.14-3.16. Energy Dispersive X-ray Microanalysis System (EDS) was also 
used to quantify chemical composition and the results are tabulated in Table 3.2. Further SEM-
EDS microanalysis of 7075 Al covetics was conducted and will be discussed later. 
Figure 3.13. Changes in lattice strain due to different wt% of C in 7075 Al covetics. 
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Figure 3.14. SEM images (250x) of fractured surfaces of 7075 covetic with 0 wt% C (left) and 5 
wt% C (right). 
 
 
 
Table 3.2. Carbon content of the materials by EDS and XPS 
 
Material 
Carbon weight % 
(EDS) 
Carbon weight % 
(EDS)* 
Carbon weight % 
(XPS) ** 
0 wt% C 1.20 ± 0.205 0.025 ± 0.018 1.15 
3 wt% C 1.63 ± 0.184 0.520 ± 0.220 1.71 
5 wt% C 2.30 ± 0.244 0.594 ± 0.160 1.89 
*Caroline Scheck, Naval Surface Warfare Center, Bethesda, MD 
**Azzam Mansoor, Naval Surface Warfare Center, Bethesda, MD 
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Figure 3.15. SEM images (800x) of fractured surfaces of 7075 covetic with 0 wt% C (left) and 5 
wt% C (right). 
 
 
 
Figure 3.16. High magnification SEM images of fractured surfaces of 7075 covetic with 0 wt% 
C (left) and 5 wt% C (right). 
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3.3.7   X-ray Photoelectron Spectroscopy (XPS) analysis 
 The average carbon concentrations, as determined by XPS after sputtering for the 0, 3, 
and 5 wt% C (control, 6.5, and 10.6 atomic % C, respectively) samples, were determined to be 
1.15, 1.71, and 1.89 wt % C (2.5, 3.7, and 4.1 at%), respectively. The results from XPS analysis 
are tabulated in the fourth column of Table 3.2 to compare with those obtained by SEM-EDS 
microanalysis.  
 
3.4   DISCUSSION 
3.4.1   Calculation of 7075 Al-C phase diagrams 
 The solubility of carbon in aluminum was primarily investigated in melt environments at 
high temperatures [30, 31]. Work by Simensen [31] quantified carbon solubility in aluminum 
and showed that the solubility decreased sharply for temperatures below 750 °C. He also 
predicted an equilibrium carbon solubility of 0.013 ppm at aluminum freezing temperature and 
showed the Al4C3 solubility also decreases at regular working temperature. In the 7075 Al-C 
binary system, aluminum carbide, Al4C3, was one of the intermediate compounds, along with the 
S-PHASE and T-PHASE, found in our predicted phase diagram. Polished 7075 Al samples were 
examined by SEM-EDS analysis and they confirmed the presence of these phases along with 
other compounds. 
3.4.2   Density measurement 
 Densities remained nearly constant at different carbon contents. Such small variation in 
density could be attributed to a low volume percentage of the infused carbon and the fact that 
 57 
 
carbon has density which is fairly similar to that of the elemental aluminum. Theoretically 
predicted densities were in good agreement with the measured densities of the covetics. 
3.4.3   Indentation testing 
The hardnesses measured by Vickers and Rockwell hardness testers were in a similar 
range compared to 7075-T6 material from Aluminum Association’s Engineering Data for 
Aluminum Structures. Rockwell and Vickers hardnesses for 7075-T6 Al were reported as 87 
HRB and 175 kgf/mm2. Our 5 wt% C covetic showed the same Rockwell hardness, i.e., 87 HRB, 
and 178 kgf/mm2 as the Vickers hardness. 
Nanoindentation results are tabulated in Table 3.3 and compared with those found in 
literature. The experimentally obtained elastic modulus and hardness of 7075 Al covetics with 5 
wt% C were compared with 7075 Al with Si-bearing inclusions (Mg2Si), 7075 Al with Fe-
bearing inclusions (Al7Cu2Fe), 7075 Al with Fe-bearing inclusions (Al23Fe4Cu), over-aged 7075 
Al and peak-aged 7075 Al as nanoindentation results for pure 7075 Al was not available. 
Table 3.3. Comparison of elastic modulus and hardness of 7075 Al from literature 
 Modulus (GPa) Hardness (GPa) 
7075 Al with Si-
bearing inclusions 
(Mg2Si) 
94.8 ± 7.5 [35] 5.2 ± 0.5 [35] 
82.3–99.4 [33] 4.1–5.9 [33] 
44.9–55.3 [34] 1.56–3.44 [34] 
 
7075 Al with Fe-
bearing inclusions 
(Al7Cu2Fe) 
160.2 ± 10.9 [35] 8.8 ± 0.9 [35] 
153.34–168.46 [32]  
132–167 [33] 8.5–12.4 [33] 
115.2–154.8 [34] 5.2–8 [34] 
7075 Al with Fe-
bearing inclusions 
(Al23Fe4Cu) 
139.5 ± 3.7 [35] 7.5 ± 0.8 [35] 
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From Table 3.3, it was clear that our data is comparable to that of the over- and peak-
aged (heat treated) 7075 Al alloy, but the 7075 Al alloys with inclusions showed higher values 
than the studied covetic materials. 
3.4.4   Tensile testing 
 Our tensile test results showed a 40% increase in UTS (from 0 to 5 wt% C) for a 0 degree 
orientation, and a 41% increase in 0.2% YS for the same materials with increasing carbon at 0° 
orientation. Other orientations also displayed improved strength in covetics with carbon. Note 
that strength increased significantly higher than the strain hardening created by the rolling 
process alone. From Al data from the Aluminum Association’s Engineering Data for Aluminum 
Structures, standard, as cast Al 7075-0 has a UTS = 275 MPa and Al 7075-T6 has a UTS = 572 
MPa. Our data showed that the UTS reached about 580 MPa with the highest level of carbon. 
The material was not heat treated—only warm rolled; however, it had a UTS as good as that of a 
heat-treated aluminum alloy. Percent elongation had no clear trend for any orientation group. 
Most of the samples fractured at the extensometer knife edge which might have led to this 
Table 3.3 (cont.)   
7075 Al  
(Over Aged) 83.5 ± 1.2 [35] 2.06 ± 0.06 [35] 
7075 Al  
(Peak Aged) 84.3 ± 1.7 [35] 2.41 ± 0.08 [35] 
7075 Al covetics 
5 wt% C 83.0 ± 2.1 [This study] 2.88 ± 0.09 [This study] 
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inconsistency (Figure 3.17). No localized necking was observed in the samples after tensile 
testing in Figure 3.17. Samples at 0° and 90° orientations broke on the plane normal to the 
direction of loading: 45° samples broke at 45°. However, the elastic modulus remained 
unchanged (about 70 GPa) for all cases. 
 
 
 
 
 
 
 
 
 
 
Figure 3.17. Images before and after tensile testing. 
3.4.5   X-ray Diffraction (XRD) analysis  
 The broadening of the XRD peaks of the C-doped Al samples (Figure 3.10) indicated a 
decrease in crystallite size as described already by other authors using high energy milling for 
aluminum-based nanocomposites [36-38]. It is interesting to note that the 0 wt% C had 
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significant extra peaks between 40 and 45 degrees that were not as significant for the 3 wt% C 
and 5 wt% C samples. 
As shown in Figure 3.11, the average crystallite size for both the 3 wt% C and 5 wt% C 
samples decreased compared to the no carbon added covetic. The size was decreased to about 25 
nm for 3 wt% C sample and remained almost constant in the 5 wt% C sample. The crystallite 
sizes measured here were slightly smaller than those reported by Bradbury et al. [39] and Choi et 
al. [40] for 1xxx aluminum.  This could be possible as the aluminum alloy and manufacturing 
process for our materials were different. 
  
 
Figure 3.18. The Hall–Petch effect for 7075 Al covetics compared to the experimental values for 
the yield strength. 
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Metals show an increase in strength with decreasing crystallite size due to the pile up of 
dislocations at the crystal boundaries (referred as the Hall–Petch effect). The relation between 
yield stress and grain size is described mathematically by the Hall–Petch equation as follows: 
𝜎𝑦= 𝜎𝑜+ 𝑘𝑦√𝑑                                                                                                                  (3.3)  
where σy is the yield stress, σo is a materials constant for the starting stress for dislocation, ky is 
the strengthening coefficient (a constant unique to each material, ky = 0.068 MPa/m3/2 for Al), 
and d is the average grain diameter [39]. Using the values in equation 3.3, the Hall-Petch yield 
strength was predicted and shown in Figure 3.18, and, for comparison, the yield strength found 
experimentally by tensile testing is also included. From this figure it could be concluded that 
using the values of average crystallite sizes found from XRD results, the predicted Hall-Petch 
yield strength was higher than our experimental results although the increasing trend was similar. 
3.4.6   Scanning Electron Microscopy (SEM) imaging 
The results in Table 3.2 show that the amount of carbon in each sample was lower than 
the manufacturer’s target wt% carbon. Note that 0 wt% 7075 Al showed 1.20% C in the sample. 
Small amount of carbon in the 0 wt% 7075 Al material is expected as one can create covetics in 
the plasma field between the electrodes of the reactor, from the carbon electrodes, carbon mixer 
and even the carbon crucible during materials processing.  Column 3 shows the results obtained 
by Caroline Scheck of the Naval Surface Warfare Center, Bethesda, MD, who tested the same 
materials but different samples. A difference in the result is observed: column 3 showed lower 
values than column 2 for the same material. This difference could be due to the spatial 
heterogeneity of material due to a possible nonuniform carbon distribution.  
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No significant differences were observed in the SEM micrographs of the tensile fracture 
surfaces at lower magnifications (Figures 3.14 and 3.15) for the materials with these three carbon 
contents, but higher magnifications (20,000x) revealed less ductile local failure behavior with an 
increase of the carbon content (Figure 3.16). 
 
 
Figure 3.19. SEM-EDS analysis of 7075 Al covetic with 0 wt% C (point 1 showed some Fe, Cu 
rich Al while points 2, 3 and 4 were Al-rich matrix). 
 
 During manufacturing no carbon was added in the 0 wt% sample, and, as a result, no 
compound containing carbon was found in that particular sample (Figure 3.19). It was discussed 
earlier that in the 7075 Al-C phase diagram, Al4C3 is the only stable compound found in mixing 
aluminum and carbon along with S-PHASE (Al2CuMg), T-PHASE (Zn-Mg-Al-rich phase). 
These compounds were seen in the 3 wt% C (Figure 3.20) and 5 wt% C (Figure 3.21) covetics. 
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Figure 3.20. SEM-EDS analysis of 7075 Al covetic with 3 wt% C (point 1 showed amorphous 
carbon, point 2 was sodium carbonate (Na2CO3), point 3 was aluminum carbide (Al4C3), points 4 
and 5 were Al-rich matrix, and point 6 was an oxygen-rich area).  
 
 In Figure 3.20, point 1 refers to amorphous carbon; point 2 is sodium carbonate 
(Na2CO3); point 3 is aluminum carbide (Al4C3); points 4 and 5 are Al-rich matrix; and point 6 is 
an oxygen-rich area. The samples were polished using a buffer solution and the sodium 
carbonate, which was an unexpected compound, could be present from the buffer solution which 
contains sodium. Similarly, Figure 3.21 shows aluminum carbide (Al4C3) in points 1 and 5, 
amorphous carbon in points 2 and 4, Al-rich matrix in points 3 and 8, T-PHASE (Zn-Mg-Al-rich 
phase) in point 6, and S-PHASE (Al2CuMg) in point 7. Table 2 indicates that almost 50% of the 
target amount of C was present in the covetic matrix, and the rest of it was believed to form 
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different compounds in the covetic materials. Also since powdered carbon was added into the hot 
melt, there could be losses when adding the carbon during processing.   
 
 
Figure 3.21. SEM-EDS analysis of 7075 Al covetic with 5 wt% C (points 1 and 5 were 
aluminum carbide (Al4C3), points 2 and 4 were amorphous carbon, points 3 and 8 were Al-rich 
matrix, point 6 was T-PHASE (Zn-Mg-Al-rich phase), and point 7 was S-PHASE (Al2CuMg)). 
 
3.4.7   X-ray Photoelectron Spectroscopy (XPS) analysis 
The goal of this investigation was to use XPS combined with Ar-ion depth profiling to 
determine the carbon content at the bulk level and compare it to that obtained by SEM-EDS. As 
was the case for most materials, hydrocarbon and various oxygen functionalities were always 
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present as contaminants on the surface, and Ar-ion sputtering was used to remove these 
contaminants. Additionally, other elements that were present in small quantities in this type of 
alloy (such Zn, Cu, Si, Mg, etc) were ignored. 
The presence of high carbon and oxygen contents as contaminants on the surface (before 
sputtering) was prominent. Once sputtering of the surface with Ar-ions began, the carbon and 
oxygen concentrations decreased significantly while that of aluminum increased significantly. 
The average carbon concentrations as determined by XPS after sputtering for the 0, 3, and 5 wt% 
C (control, 6.5, and 10.6 atomic % C, respectively) samples were determined to be 1.15, 1.71, 
and 1.89 wt% C (2.5, 3.7, and 4.1 at% C), respectively. Again, the data showed some carbon in 
the control sample. As discussed earlier, small amounts of carbon are infused by applying a 
covetic process. Additionally, there could be a carbon contamination from the oil pump in the 
system. Table 3.2 confirms that our results are comparable to the XPS data examined by Azzam. 
 
3.5   CONCLUSIONS 
In this chapter the 7075 aluminum covetics were studied. Microstructure characteristics, 
mechanical properties, and amounts of carbon in the materials were investigated. Results of 
microstructure observation and tests of mechanical properties are summarized as follows: 
(1) Tensite test results showed that the ultimate tensile strength increased (by 40%) and 
0.2% offset yield strength increased (by 41%) for covetics, but Young’s modulus (E) 
remained unchanged. No clear trend was observed in % EL data. 
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(2) Rockwell, Vickers, and nanoindentation hardness each increased with increasing 
carbon content. Elastic modulus measured by the nanoindentation also increased with 
added carbon. 
(3) No localized necking was observed in the failed tensile test specimens. SEM 
micrographs illustrated ductile failure characteristics.  
(4) Both SEM-EDS and XPS analysis confirmed a lower amount of carbon in the 
materials than the target value except for the control sample (target value of 0 wt% C) 
which had a measureable carbon presence. 
(5) XRD analysis showed lower crystalline size with added carbon which may explain 
the improvement in mechanical properties. 
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CHAPTER 4: CHARACTERIZATION OF AS CAST 10200 CU COVETICS  
 
4.1   INTRODUCTION 
It had been well recognized that the solubility of C in solid Cu is very small [1]. The 
solubility of C in liquid Cu was extensively studied [2, 3] and the available data on the Cu–C 
equilibrium phase diagram were discussed [4-7] where no carbide phases were reported. Based 
on the success of the Mechanical Alloying technique (solid-state powder processing technique) 
in creating supersaturated solutions of immiscible solids [8, 9] researchers used this method to 
infuse carbon into copper with considerable success [10-12]. These studies reported on the effect 
of carbon assimilation into the metal lattice structure either as a solid solution of carbon and 
metal [12] or as a formation of small carbon clusters [10]. Inclusion of carbon has been attributed 
to cause an increase in lattice parameter and lattice strain [7]. However, these studies did not 
investigate bulk mechanical properties of these materials. Recently, Third Millennium Materials 
(TM2) invented a covetic manufacturing process which achieves higher carbon solubility in 
copper and copper alloys. It is also believed that the properties of covetics are dominated by the 
properties of the carbon structures created during the chemical reaction. These new materials 
have not yet been studied in detail. Therefore, a systematic experimental work is needed to 
obtain comprehensive information on the structural and mechanical properties of these new 
copper-based covetic materials.     
In this chapter we presented our experimental results on the characterization of the 
structure, chemical composition and mechanical properties of 10200 Cu-C materials 
manufactured by the covetic process. We studied covetic materials with four different carbon 
contents - 0, 3, 5 and 9 wt% C received from Third Millennium Materials (TM2). More precisely, 
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hardness, impact and tensile tests were conducted to evaluate mechanical properties of these 
materials. Scanning Electron Microscopy (SEM) and X-Ray Diffraction (XRD) studies were 
carried out to analyze the microstructures and SEM with Energy Dispersive Spectroscopy (EDS) 
was used to assess the chemical compositions of these materials. 
 
4.2   MATERIALS AND METHODS 
4.2.1   Materials 
In this study, the chemical compositions, mechanical and structural properties of Cu 
10200 covetics with 0, 3, 5 and 9 weight percent (wt %) of carbon were evaluated. The above 
mentioned carbon wt % was the wt% of carbon that the manufacturer used while fabricating 
these materials. Originally these were made by covetic process and poured into 7 pound billets. 
Those billets were remelted at Case Western Reserve University and poured into a large mold to 
get a suitable billet for extrusion. The billets were then extruded at 1800 ºF into ¾” rods, coiled 
and then subsequently drawn down to 8 AWG wires over 12 reduction steps. These wires were 
then cut into smaller lengths for subsequent remelt and cast under pressure into molds which 
were made to produce the bars. Two bars of each carbon content, of 0.75” x 0.75” x 6” 
dimensions were received from the Third Millennium Materials (TM2). These materials were 
received in as cast T0 condition as no heat treatment or any other mechanical work was done on 
them. In the figures and tables, these four kinds of materials are symbolized as 0 wt% C, 3 wt% 
C, 5 wt% C and 9 wt% C, respectively. 
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4.2.2   Density measurement 
In order to measure densities of the 10200 Cu covetics, weight and volume were 
determined. The weight was measured with a scale while the volume was measured directly 
(from the geometry of the object) and also by the displacement of a fluid, i.e. Archimedes’ 
method.  The average of the two methods of calculating volume was used to predict the density 
of the material. Seven samples of 10 × 10 × 3 mm3 sizes for each carbon content were examined 
to measure the density of these materials. The samples were grounded to have smooth and 
parallel edges prior to measurements. Sample dimensions were measured at three different 
locations and the values were averaged. Theoretical densities for the samples were also predicted 
by applying a rule of mixtures as shown in equation 4.1.  
Theoretical density ρ = ρc fc + ρcu fcu                                                                                         (4.1) 
where ρ and f represents density and volume fraction, respectively and superscripts c and cu 
denote carbon and copper, respectively. 
4.2.3   Hardness testing 
Vickers and Rockwell hardness testers were used to measure the hardness of covetic 
materials. Samples were cut and sectioned into small pieces. The machining work was performed 
in the machine shop of Mechanical Science and Engineering department at the University of 
Illinois at Urbana-Champaign. Both longitudinal and transverse samples were prepared for 
hardness testing (Figure 4.1). Specimens were then polished using MetaServ R 250 grinder- 
polisher from Buehler with sand papers having grit sizes 600, 1200, 2400 and 4000. Then, the 
samples were polished using the same grinder-polisher with polishing powder (3.0, 1.0, 0.3 and  
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Figure 4.1.  Longitudinal and transverse samples for hardness testing. 
0.02 micron de-agglomerated alpha alumina) in four stages with the help of polishing cloths at 
Fredrick Seitz Material Research Laboratory at the University of Illinois at Urbana-Champaign. 
Vickers micro hardness (VHN) was measured in both the longitudinal and transverse 
directions of the materials by applying 3000 grams of load for 15 seconds. A Shimadzu 
microhardness tester HMV-M3, Newage Testing Instruments, Inc., Feasterville, PA, USA was 
used for this investigation. The hardness value was the average of the total of ten measurements 
made on two orthogonal surfaces each specimen.  Rockwell hardness (HRF) was also measured 
on the same directions of the samples in a Wilson/ Rockwell Hardness Tester by Instron, Grove 
City, PA, USA.  
4.2.4   Charpy impact testing 
Samples for the Charpy impact test were machined in accordance with the ASTM E23 02 
standard [13]. The specimens (Figure 4.2) had a square cross-section of approximate dimensions: 
W=D= 10mm. The notch was about 1.5 mm deep (d0), had an included angle of 450, and had a 
notch root radius of approximately 0.15 mm. The total length of the specimen was 55 mm while 
the spacing between specimen supports was 40 mm. Dynatup Impact Test Machine (Model 
8250)  
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Figure 4.2.  Geometry of Charpy V-notch impact testing sample. 
was configured to perform the Charpy V-notch impact test to determine the energy absorbed 
during impact events. A weighted crosshead was released and was slid on guide bars. A steel flag 
on the carriage passed through the velocity detector block. The tup (instrumented load cell) 
attached to the crosshead contacted the specimen. The velocity and load data were recorded and 
used to calculate the impact energy.  
4.2.5   Tensile testing 
Tensile specimens were prepared from the same as cast materials as used for density and 
other mechanical tests. According to the ASTM Standard E-8/E8M [14] sub-size specification 
(Figure 4.3- dimensions were in mm) specimens were machined. All specimens were tested 
using a servo hydraulic materials testing machine (MTS 22 kips load cell) operated at a constant 
crosshead speed of 0.0254 mm/s (0.001in/s). An extensometer with 25.4 mm (1.0 in) gauge 
length was used to obtain displacement during the tensile testing. Testing procedure was done as 
follows: 
1. Measured the width and thickness of the samples at several points along their reduced-
area section. 
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2. Placed the sample between the testing jaws, ensuring the sample is in the equally 
adjusted position in the middle of the jaws with a dial caliper. 
3. Set the crosshead speed of 0.0254 mm/s (0.001in/s). Balanced the load and set the gage 
length. 
4. Started the crosshead and continued until break was detected. 
 
 
Figure 4.3.  Geometry of tensile testing samples. 
Load vs. displacement curves were recorded for each sample. The tensile stress at each required 
data point was determined using equation 4.2 and the ultimate tensile strength and Young’s 
modulus were calculated using equations 4.3 and 4.4, respectively. 
σi = Pi / A                                                                                                                                  ( 4.2 ) 
UTS = Pmax / A                                                                                                                          ( 4.3 ) 
E = Δσ / Δε                                                              ( 4.4 ) 
where Pi and σi  are the load and stress at data point I, Pmax and UTS are the maximum load 
before failure and the ultimate tensile strength, A is the average cross-sectional area and E is the 
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tensile modulus of elasticity, Δσ and Δε are the differences in applied tensile stress and strain 
between the two strain points. 
The stress-strain curves were generated from the load-displacement data recorded during 
tensile testing and used for calculating Young’s modulus E, ultimate tensile strength UTS, 
ultimate tensile strain and yield strength 0.2% YS.  
4.2.6   X-ray Diffraction (XRD) analysis 
A Bruker D8 Venture equipped with a four-circle kappa diffractometer and Photon 100 
detector was used to collect the powder XRD data.  An Iμs microfocus Cu source supplied the 
multi-mirror monochromated incident beam.   Very little paratone oil was used to disperse the 
sample and loaded onto a 0.3mm loop and exposed for 180 seconds for each of several frames.  
The frames were merged and integrated from 5 to 100 degrees 2θ.  The data was normalized in 
the final spectrum to facilitate pattern matching, and the baseline was corrected using a 
Chebyshev polynomial. 
4.2.7   Scanning Electron Microscopy (SEM) imaging 
Scanning electron microscopy images of the samples after impact tests were taken by 
using a Field-Emission Environmental Scanning Electron Microscope (ESEM-FEG) with 
Energy-Dispersive Spectroscopy (EDS) (Philips XL30 ESEM-FEG, FEI, Hillsboro, Oregon, 
USA). To image the failed specimens no sputter coater or any other sample preparations were 
done. 
Energy Dispersive X-ray Microanalysis System was done using JEOL 7000F Analytical 
SEM to quantify the chemical composition. Samples were machined and polished using 
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MetaServ R 250 grinder- polisher from Buehler with sand papers having grit sizes 600, 1200, 
2400 and 4000. Then, the samples were polished using the same grinder-polisher with polishing 
powder (3.0, 1.0, 0.3 and 0.02 micron de-agglomerated alpha alumina) in four stages with the 
help of polishing cloths.  At the final stage, the samples were placed in the Syntron vibro-
polisher for 3- 4 hours using 50-70 nm diameter alumina colloidal gel. Samples were mounted on 
aluminum stubs of 2.5 cm diameter using superglue before placing in the vibro-polisher. After 
polishing the samples were cleaned by hot water in the ultrasonic bath and dried with air. Then, 
they were cleaned by IPA (isopropyl alcohol). The polishing was completed in Fredrick Seitz 
Material Research Laboratory (FSMRL) at the University of Illinois at Urbana-Champaign. 
 
4.3   RESULTS 
4.3.1   Density measurement 
For the prediction of theoretical density, we assumed the density of an amorphous carbon 
as 1.8-2.1 g/cc and that of 10200 Cu as 8.90 g/cc [ASM handbook]. Theoretical densities were 
estimated by using the rule of mixtures as described in equation 4.1. The values for both 
experimental and theoretical densities were summarized in Table 4.1.  
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Table 4.1.  Measured and theoretically obtained densities of 10200 Cu covetics.  
 
Material 
Weight % C 
Measured Density 
(g/cc) 
Theoretical Density 
(g/cc) 
0  8.89 ± 0.23 8.90 
3 8.66 ± 0.31 8.69 – 8.70 
5 8.52 ± 0.21 8.55 – 8.56 
9 8.19 ± 0.53 8.26 – 8.29 
4.3.2   Hardness testing 
 Vickers and Rockwell hardness values for 10200 Cu covetics were tabulated in Table 4.2. 
It was evident from the table that hardness improved for 10200 Cu covetics as carbon was added  
 
Table 4.2.  Rockwell and Vickers Hardness of 10200 Cu covetics  
 
Material 
Weight % C 
Rockwell Hardness 
(HRB)  
Vickers Hardness 
(kgf/mm2) 
0  24 ± 1.8 41 ± 2.7 
3 46 ± 2.1 70 ± 3.1 
5 38 ± 2.4 53 ± 2.8 
9 28 ± 1.3 44 ± 1.9 
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to the material. This improvement was observed for both scales for covetics containing 3 wt% C. 
More specifically, for the 3 wt% C covetic the Vickers hardness increased by 71% and the 
Rockwell hardness increased by 92%.  After that as more carbon was added to 10200 Cu, 
hardness decreased compared to that of 3 wt% C samples. However, those values were still 
higher than the ones obtained for covetic with no carbon i.e. 0 wt% C. 
4.3.3   Charpy impact testing 
The results from Charpy impact testing on 10200 Cu covetics were tabulated in Table 
4.3. It is clear from this table that the maximum load for 10200 Cu covetics was almost constant 
as a function of carbon wt% but the maximum energy increased compared to the samples which  
Table 4.3.  Charpy impact testing results of 10200 Cu covetics  
 
Material 
Weight % C 
Maximum Load 
(kN) 
Maximum Energy 
(J) 
0  6.03 ± 0.80 15.53 ± 1.7 
3 7.30 ± 0.12 42.36 ± 2.1 
5 6.03 ± 0.42 27.26 ± 1.8 
9 6.08 ± 0.31 19.97 ± 0.9 
had no carbon. More precisely, the maximum energy increased almost three times for the 
samples which had 3 wt% C as compared with the material with 0 wt% C. It also showed 
improvement in the energy absorption for the covetic samples with 5 and 9 wt% C. Images 
of fracture surfaces of 10200 Cu covetics with 0, 3, 5 and 9 wt% C after Charpy impact testing 
are shown in Figure 4.4 
 82 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4.   Photographs of Charpy impact fracture surfaces of 10200 Cu covetics. 
4.3.4   Tensile testing 
 The final results of tensile testing of 10200 Cu covetics are presented in Figures 4.5 – 4.8. 
Both the UTS and 0.2% YS from tensile testing increased for the covetics with 3 wt% C 
compared to those with no carbon. However, both properties had decreasing trends as the carbon 
content further increased.  The UTS increased by 31% (from 0 to 3 wt% C) from about 170 MPa 
to nearly 223 MPa. Similarly, 0.2% YS increased by 33% for the same material. Elastic modulus, 
E remained unchanged and the value was about in between 115-117 GPa for all the 
 
0 % C 
3 % C 
5 % C 
9 % C 
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Figure 4.5.   UTS with different wt % of carbon.  
 
Figure 4.6.   0.2% YS with different wt % of carbon.  
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Figure 4.7.   E with different wt % of carbon.  
 
Figure 4.8.   Ultimate tensile strain with different wt % of carbon. 
covetics. Ultimate tensile strain also increased for 3 wt% C covetics and after that it decreased 
with increasing carbon content.  
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4.3.5   X-ray Diffraction (XRD) analysis 
 Figure 4.9 shows the XRD patterns of 10200 Cu covetics with 0, 3, 5 and 9 wt% C. We 
did not observe any carbon peak which if present should be reflected in between 20-30 (2Ɵ) for 
carbon (002).  Possibly a slight reflection of copper oxide (Cu2O) peak around 36.6 (2Ɵ) was 
observed for the covetic samples with carbon which was absent for the one with no carbon.  
The average crystallite sizes for covetics were plotted against carbon content in Figure 
4.10. From Figure 4.10 it was seen that the crystallite size of copper covetics decreased for 3  
 
 
 
 
 
 
 
 
 
 
Figure 4.9.   X-ray diffraction patterns of 10200 Cu covetics for different carbon content. 
0 wt% C 
3 wt% C 
5 wt% C 
9 wt% C Cu2O 
[111] 
[200] 
[220] 
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wt% C covetics and again the value increased with addition of more carbon. More specifically, it 
decreased from 32.05 nm to 28.84 nm for 0 wt% C to 3 wt% C. Figure 4.11 showed the 
dependence of the lattice parameter on the carbon content. It is seen in the figure that the 0 and 3 
wt% C covetics had the same lattice parameter, about 0.36156 nm. As the carbon content 
increased the lattice parameter first decreased (for 5 wt% C) and then increased (for 9 wt% C). 
Lattice strain increased (Figure 4.12) for 3 wt% C covetic (from 0.137 % to 0.173 %) and then 
decreased with addition of more carbon. 
 
 
Figure 4.10.   Effect of Carbon content on the average crystallite size of 10200 Cu covetics. 
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Figure 4.11.   Effect of Carbon content on the lattice parameter of 10200 Cu covetics. 
 
 
 
 
 
 
 
 
Figure 4.12.   Effect of Carbon content on the lattice strain of 10200 Cu covetics. 
0 wt% C 3 wt% C 5 wt% C 9 wt% C 
0 wt% C 3 wt% C 5 wt% C 9 wt% C 
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4.3.6   Scanning Electron Microscopy (SEM) imaging 
 Figures 4.13 (a), (b), (c) and (d) show the fracture surfaces after Charpy impact tests of 
the 10200 Cu covetics with 0, 3 5 and 9 wt% C, respectively at lower magnification (200x). 
From these figures no significant difference in the fracture surfaces as a function of carbon 
content was observed. More images of the same samples were taken at higher magnification 
(1200x) to further investigate the mode of fracture. The representative fracture surfaces of 10200 
Cu covetics with 0, 3 5 and 9 wt% C are shown in Figure 4.14 (a), (b), (c) and (d), respectively. 
 
 
 
 
 
 
 
 
 
 
Figure 4.13.   SEM images of the Charpy impact fracture surfaces at 200x of 10200 Cu covetics 
(a) 0 wt% C, (b) 0 wt% C, (c) 5 wt% C and (d) 9 wt% C. 
(a) 0 wt% C (b) 3 wt% C  
(c) 5 wt% C (d) 9 wt% C 
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SEM images of Figure 4.13 show global ductile behavior of the covetics under impact testing. 
However, at higher magnification (1200x) in Figure 4.14, covetic samples with 3 wt% C showed 
a more ductile behavior compared to other samples. The rest of the images of the other materials 
showed almost same features. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.14.   SEM images of the Charpy impact fracture surfaces at 1200x of 10200 Cu 
covetics (a) 0 wt% C, (b) 0 wt% C, (c) 5 wt% C and (d) 9 wt% C. 
 
 
(a) 0 wt% C 
 
(b) 3 wt% C  
 
(c) 5 wt% C 
 
(d) 9 wt% C 
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Table 4.4.  SEM-EDS analysis of 10200 Cu covetics  
Material 
 
Carbon content, wt% 
[Area Analysis] 
Carbon content, wt% 
[Point Analysis] 
0 wt% C 0.82 ± 0.245 0.67 ± 0.170 
3 wt% C 1.63 ± 0.284 1.36 ± 0.210 
5 wt% C 3.30 ± 0.223 3.26 ± 0.182 
9 wt% C 6.20 ± 0.215 6.47 ± 0.928 
 
 
 
 
 
 
 
 
Figure 4.15.   Example for area and point analysis on 10200 Cu covetics with 0 wt% C. 
Chemical compositions of 10200 Cu covetics were quantified by using Energy Dispersive X-
ray Microanalysis System (EDS). Both area and point analyses were considered to measure the 
carbon composition of the covetic materials as shown in Figure 4.15. Box 1 in the figure refers to 
1 
2 
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the area and 2 to the point analysis. Two different polished samples for each carbon content were 
analyzed and the averages of fifteen different areas and points from SEM–EDS analysis were 
tabulated in Table 4.4.  
 
4.4   DISCUSSION 
4.4.1   Density Measurement 
From the data taken from the ASM handbook for measuring theoretical densities, it was 
clear that 10200 Cu was almost four times denser than carbon. As a result, the value of density 
decreased as the amount of carbon increased as seen in Table 4.1. But the experimental density 
decreased more than the theoretical data. It was believed that as the carbon content increased, 
porosity in the cast product also increased which attributed to the lower values for the 
experimentally measured densities.  
 4.4.2   Hardness Testing 
The covetic materials that we received from TM2 were at as cast T0 condition. For 
comparing hardnesses measured by Vickers and Rockwell methods, it was challenging to find 
data from literature for the same condition. We received data from MatWeb Materials Property 
Data and tabulated the values in Table 4.5 where mechanical properties of various 10200 Cu 
alloys at different conditions are listed. 
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Table 4.5.  Mechanical properties of 10200 Cu alloy (MatWeb Materials Property Data) [15] 
 
10200 Cu Tensile Strength 
(MPa) 
Elongation 
(%) 
Vickers Hardness 
(HV) 
Annealed 210 40 55 max 
Half Hard 245 10 75 – 90 
 Hard 310 7 90 – 115 
    
Third column of Table 4.5 shows Vickers hardness numbers for heat treated and 
hardened 10200 Cu alloys. These values are comparable to the experimentally obtained data of 
10200 Cu covetics (Table 4.2).  
4.4.3   Charpy impact testing 
 Our Charpy impact results from Table 4.3 clearly show that the energy absorption 
improved for covetics with carbon compared to those materials that had no carbon. We 
compared the values acquired after testing with those reported in the MatWeb Materials Property 
Data. The Izod impact energy absorption was reported to vary from 34 -61 J depending on the 
heat treatment and mechanical work done on the Cu materials. Our materials has absorbed 
energy between 15-43 J. Again, we would like to mention that our samples were not heat treated 
and no mechanical work was done on those before any test. The improvement was solely 
because of the carbon addition using the new covetics processing technique.  
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The values for energy absorption increased for the samples with 3 wt% C and then it 
decreased for the 5 wt% C samples and further decreased for the 9 wt% C covetics. The trend of 
increasing and then decreasing energy absorption clearly followed that of hardness. Generally, 
brittle materials absorb less energy than ductile materials. But in the case of covetics, we 
observed the opposite trend.  
Figure 4.4 showed the fracture surface of the 10200 Cu covetics with 0, 3, 5 and 9 wt% 
C. No notable differences were found by observing the fracture surfaces as all four types of 
materials as all of them looked very similar to each other. To further investigate this issue, tensile 
testing was conducted and is discussed next. 
4.4.4   Tensile Testing 
The results obtained from tensile testing (Figures 4.9-4.12) of 10200 Cu covetics were 
compared with those tabulated in Table 4.5. Our data indicated that UTS reached the value of 
223 MPa for 3 wt% C covetics, which was in between the strengths for annealed and half hard 
copper (Table 4.4). Also, percent elongation for the same sample almost matched the annealed 
data. The trend of the yield strength data followed the same trend as the hardness and energy 
absorption measured by Charpy impact test. For a given material, the impact energy is expected 
to decrease if the yield strength increases, i.e. if the material undergoes some process that makes 
it more brittle it is less able to undergo plastic deformation such as cold working or precipitation 
hardening. However, our results showed the opposite trend i.e. with increase in yield strength the 
energy absorption also increased.  
Figure 4.16 shows the typical stress-strain curve for 10200 Cu covetics with 0 and 3 wt% 
C. It is clear from the figure that both stress and strain are higher for 3 wt% C covetics as 
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compared to the material with no carbon. It is also seen in the photograph of the failed samples 
(Figure 4.17) that the covetic with 3 wt% C elongated more than the covetic with 0 wt% C  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.16.   Representative stress-strain curves for 10200 Cu covetics with 0 and 3 wt% C. 
 
without necking. From Figure 4.16, toughness (area under stress-strain curve) was calculated for 
each material and the values were 29.25 J/m3 and 68.92 J/m3 for 0 wt % C and 3 wt% C covetics 
Strain (mm/mm) 
0 wt% C 
3 wt% C 
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respectively. Similarly we considered other two materials and the toughness values were 50.37 
J/m3 and 31.74 J/m3 for 5 wt % C and 9 wt% C covetics respectively.  This proved that the 
hardest (3 wt% C) of all 10200 Cu covetic materials received from TM2 was also the toughest. 
The results we obtained from Charpy impact testing in Table 4.3 can thus be justified by the 
toughness data calculated from tensile testing of covetic materials. 
 
 
 
 
 
 
 
 
Figure: 4.17.   Photographs of failed samples before and after tensile testing of 10200 Cu 
covetics with 0 and 3 wt% C. 
4.4.5   X-ray Diffraction (XRD) analysis 
 It was already discussed in the literature [4-7], no carbide phase existed in the Cu-C 
phase diagram because of the low solubility of carbon in copper. This was also proved by the 
XRD pattern shown in Figure 4.9. If the carbon were present in the form of graphite, a deflection 
Before 
After (0 wt % C) 
After (3 wt % C) 
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between 20-30 (2Ɵ) would be expected. However, the most common phase of Cu-C system, i.e. 
copper oxide was seen in the XRD pattern.  
 The average crystallite sizes of 10200 Cu covetics measured in this study were varied in 
between 28.84 to 32.05 nm. The values were in agreement with Liu et.al. [12] and slightly 
smaller than those observed by Sazi et al. [16] and Yaman e et al. [17, 18]. Manufacturing 
process could be the reason behind the difference in crystallite size. The lattice parameter 
indicated for pure copper by Chu et.al. [19] was 0.3611–0.3612 nm. Our experimental results 
showed that it reached a maximum value of 0.36156 nm for covetics which was higher than that 
of pure copper. This result was in agreement with that previously reported by Yamane at al. [18] 
who used ball milling to manufacture the metal samples. On the other hand, Saji et al. [16] 
reported for the same system (Cu-C), produced by an attritor type ball mill with speed of 175 
rpm, a lattice parameter value of about 0.36153 nm which is in good agreement with our data. 
We observed decrease in lattice parameter with addition of more carbon. It could be possible that 
the solubility of carbon in copper reached the limit. In addition, the lattice expansion was related 
not only to the solution of carbon in copper but also to the strain induced by very small carbon 
cluster [10]. Lattice strain increased for 3 wt% C copper covetics. The value was very high 
possibly due to the strong plastic deformation exerted and dissolution of carbon in the copper 
lattice.  
 The yield strength of metal could be increased with decrease in crystallite size (known as 
Hall–Petch effect). It could be possible due to the pile up of dislocation at the crystal boundaries. 
The Hall–Petch effect contributed significantly to the mechanical properties of metals when the 
average crystallite size was below 100 nm [20-22]. Our experimental results agreed with the 
above statement. Figure 4.6 clearly showed that the yield strength of 10200 Cu covetics 
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increased with addition of carbon and it was highest for 3 wt% C covetics, which had the lowest 
crystallite size (28.84 nm) as seen in Figure 4.10.  
4.4.6   Scanning Electron Microscopy (SEM) Imaging 
The SEM-EDS results obtained by both area and point analysis show the amount of 
carbon in each covetic material. It is seen in Table 4.4 that each sample displayed lower amount 
of carbon for both analysis than the target wt% carbon by manufacturers.  For 0 and 3 wt% C 
covetics the area analysis showed slightly higher values than the point analysis data.  
 
 
 
 
 
 
 
 
Figure 4.18.   SEM-EDS analysis of 10200 Cu covetic with 0 wt% C (points 1, 2 and 4 were Cu 
rich regions; while point 3 showed copper oxide (Cu2O). 
 
1 
2 
3 
4 
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However, for 5 and 9 wt% C we observed almost same value for both methods. We also noticed 
0.6-0.8 wt% C in 0 wt% C covetic sample where no carbon was added in the manufacturing 
process. During manufacturing covetics, in the plasma field between the carbon electrodes of the 
reactor, carbon mixer and even from the carbon crucible some amount of carbon migrates into 
the mix and gets converted. This is the reason for getting some amount of carbon in the 0 wt% C 
sample.  
 
 
 
 
 
 
 
 
Figure 4.19.   SEM-EDS analysis of 10200 Cu covetic with 3 wt% C (points 1 and 6 were 
copper oxide (Cu2O); points 2,3 and 5 indicated Cu rich area;  point 4 showed copper matrix 
with more carbon. 
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For further analysis of chemical compositions, detailed SEM-EDS analysis was 
conducted on each sample with different carbon content. We already commented that no carbide 
form was found in Cu-C phase diagram [4-7]. Our SEM -EDS microanalysis also confirmed that 
no carbide phase was present in the 10200 Cu covetics manufactured and supplied by TM2. The 
amount of copper in 10200 Cu indicated almost 99.95% [15]. As a result, no other element was 
expected to be found in the material. However, the presence of copper oxide (Cu2O) was found 
at some points.  
 
 
 
 
 
 
 
 
Figure 4.20.   SEM-EDS analysis of 10200 Cu covetic with 5 wt% C (points 1 and 3 were Cu 
rich regions; point 2 showed copper oxide (Cu2O); points 4 and 5 were oxygen rich Cu area. 
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  Figure 4.18 shows SEM micrograph of 10200 Cu covetic with 0 wt% C  where points 1, 
2 and 4 are Cu rich regions, while point 3 show copper oxide (Cu2O). SEM image of 10200 Cu 
covetic with 3 wt% C is shown in Figure 4.19.  Points 1 and 6 in the figure are copper oxide 
(Cu2O), points 2, 3 and 5 indicate Cu rich area, while point 4 shows copper matrix with more 
carbon than the other points. Similarly, Figures 4.20 and 4.21 show SEM micrographs of 10200 
Cu covetic with 5 wt% C and 9 wt% C, respectively.  Points 1 and 3 of Figure 4.20 are Cu rich 
regions, point 2 shows copper oxide (Cu2O), points 4 and 5 indicates oxygen rich Cu matrix. 
 
 
 
 
 
 
 
 
 
Figure 4.21.   SEM-EDS analysis of 10200 Cu covetic with 9 wt% C (points 1, 3 and 7 indicated 
Cu rich regions; points 4, 5 and 8 were oxygen rich Cu matrix; points 2 and 6 showed copper 
oxide (Cu2O) and point 9 showed 7.19 wt% C in Cu matrix. 
3 
1 
2 
4 
5 
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Likewise, points 1, 3 and 7 of Figure 4.21 indicate Cu rich regions, points 4, 5 and 8 are oxygen 
rich Cu matrix, points 2 and 6 show copper oxide (Cu2O) and in point 9,  7.19 wt% C was found 
in Cu matrix. It is seen in Table 4.4 that the amount of carbon detected in SEM–EDS analysis is 
less than the target amount of C used during the manufacturing process. Also, no amorphus 
carbon or carbon in carbide form were found in the investigation. Since the manufacturer has 
been adding powdered carbon into the hot melt, some carbon losses in the hot zone above the 
melt is observed, if the powdered carbon feed tube is not positioned way down into the deep 
vortex of the mixer.  Some of the difference between our analyzed carbon content and target 
carbon content can be explained, however they have tried several times to weigh the losses in a 
hepa filter above the reactor, and the measured losses were no more than ½%.  The other 
differences we believe may just be in techniques for finding and estimating the carbon in the 
final covetic. It should be mentioned that carbon is difficult to quantify and the methods used 
may not give very precise data. However, qualitatively, we do see an increase in the carbon 
content as the reported carbon content increases. 
 
4.5   CONCLUSIONS 
In this chapter, the structure, chemical composition and mechanical properties of 10200 
Cu-C covetic materials were investigated. The results from the mechanical tests indicated that 
addition of carbon improved mechanical properties of 10200 Cu covetics. 3 wt% C covetic was 
found to be the hardest, strongest as well as toughest of all the Cu covetics tested. After that for 5 
and 9 wt% C the mechanical properties declined. Rockwell and Vickers Hardness increased by 
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71% and 92 % for 3 wt% C covetics. Maximum load indicated no change but energy absorption 
increased almost three times for the 3wt% C sample. Ultimate tensile strength, UTS (by 31%) 
and 0.2% offset yield strength, 0.2% YS increased (by 33%) for 3 wt% C covetics, but Young’s 
modulus E remained unchanged for all the materials with different carbon content. SEM-EDS 
quantified the amount of carbon and chemical composition of the materials. The information on 
the average crystallite sizes, lattice parameters and lattice strains was acquired from XRD 
analysis, which explained a possible reason for improvement in mechanical properties. 
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CHAPTER 5: CHARACTERIZATION OF AS CAST 6061 AL COVETICS 
  
5.1   INTRODUCTION 
Aluminum alloys are widely used for high-strength and light weight structures in 
aerospace and automotive applications. Aluminum-magnesium-silicon (Al-Mg-Si) denoted as 
6xxx series alloys are medium strength heat treatable alloys that have good formability [1, 2]. An 
important characteristic of one example of such materials, the 6061 Al, is its good weldability. 
Because of these favorable properties, the 6061 alloy is used in the transport [3-5], public works 
(framework, pylon, handling equipment, etc.) and also for complex structures assembled by 
welding [6–8]. The study presented in this chapter addresses this widely used 6061 Al alloy. It is 
an age hardenable alloy, with its mechanical properties being mainly controlled by the hardening 
precipitates contained in the material. When this alloy is subjected to a solution heat treatment 
followed by quenching and tempering, its mechanical properties reach their highest level and 
become very good compared to other aluminum alloys. Different ceramic particles such as 
carbides, nitrides, oxides, etc. [9-11], carbon nanotubes (CNTs) [12-21] and carbon nanofibers 
(CNFs) [22-26] have been used as reinforcements for these materials. Carbon fillers in the form 
of graphite, graphene, CNTs and CNFs are widely used because of their high elastic moduli, high 
mechanical strengths, and outstanding electrical conductivities, which can improve mechanical 
and physical properties. However, graphite dispersion in aluminum alloys has not been 
investigated broadly even though graphite acts as an excellent lubricating agent under conditions 
of friction. Lately, Third Millennium Materials (TM2) invented a covetic manufacturing process 
where activated carbon powders are added to the molten metal or metal alloys. Materials 
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manufactured by covetic process show improved properties compared to the base metal or metal 
alloy. Therefore, systematic studies on the structural characteristics and properties of these 
materials manufactured by this newly invented covetic process are needed before these materials 
can be used for engineering applications. 
In this chapter, effect of addition of carbon to 6061 Al alloy by covetic process on the 
mechanical and structural properties was investigated. Control samples of 6061 Al alloy covetics 
(0 wt% C) were also examined for comparison purposes. Impact testing and hardnesses at micro 
and mesoscale were carried out to obtain mechanical properties of these covetic materials. 
Scanning electron microscopy (SEM) studies were conducted along with energy dispersive 
spectroscopy (EDS) to comprehend the structure, composition and failure modes. X-ray 
Diffraction (XRD) was done to obtain information on the average crystalline size of these 
materials. The experimentally obtained data was compared to those found in literature for a 6061 
Al alloy. 
 
5.2   MATERIALS AND METHODS 
5.2.1   Materials 
We received 6061 Al covetics with 0 and 2.3 weight percent (wt %) of carbon from Third 
Millennium Materials (TM2). The materials were originally made by covetic process in the Ajax 
furnace in Warren, and cast into 3” diameter cylinders.  These were machined to fit an extruder 
at AFRL (2.95” diameter with a tapered nose).  The covetics were extruded into ½” rods at 450 
ºC billet temperature, under pressure on a Lombard extruder operated by UES for AFRL. 
Sections of the extruded rod of 1/2” x 1” pieces were cut, and with the help of an injection caster 
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the covetics were remelted, and cast into the 0.75” x 0.75” bars. No heat treatment was done on 
these materials.  Hence, these materials were received in as cast T0 condition. Material with no 
carbon (0 wt % C) made by covetic process was used as control for comparison purposes. One 
bar of 0.75” x 0.75” x 6” dimensions was received for each carbon content.  
5.2.2   Density measurement 
Experimental densities were predicted by measuring weight and volume of 6061 Al 
covetic samples with the two carbon contents. Volume was the average of results obtained using 
two methods. One was measured directly (from the geometry of the object) and the other by the 
displacement of fluid, i.e. Archimedes’ method. The weight was measured with a scale. Seven 
samples of 10 × 10 × 3 mm3 sizes for each carbon content were used to measure the density of 
these materials. The samples were grounded to have smooth and parallel edges prior to 
measurements. Sample dimensions were measured at three different locations and the values 
were averaged. Theoretical densities for the samples were also predicted by applying a rule of 
mixtures as shown in equation 5.1.  
ρ = ρc fc + ρal fal                                                                                                (5.1) 
where ρ and f represents density and volume fraction, respectively, and superscripts c and al 
denote carbon and 6061 Al alloy, respectively. 
5.2.3   Hardness testing 
We measured hardness of the 6061 Al covetics by using Vickers and Rockwell hardness 
tests. Samples were cut and sectioned into small pieces in the machine shop at the Mechanical 
Science and Engineering Department at the University of Illinois at Urbana-Champaign. Both 
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longitudinal and transverse samples were prepared for hardness testing as shown in Figure 4.1. 
Specimens were then polished using MetaServ R 250 grinder - polisher from Buehler with sand 
papers having grit sizes 600, 1200, 2400 and 4000. For smoother surface, the samples were 
further polished using the same grinder-polisher with polishing powder (3.0, 1.0, 0.3 and 0.02 
micron de-agglomerated alpha alumina) in four stages with the help of polishing cloths at the 
Fredrick Seitz Material Research Laboratory at the University of Illinois at Urbana-Champaign. 
Rockwell hardness (HRB) was measured on both the longitudinal and transverse surfaces 
of the specimens in a Wilson/ Rockwell Hardness Tester by Instron, Grove City, PA, USA. 
Vickers micro hardness (VHN) was also measured on both surfaces of the same specimens by 
applying a load of 3000 grams for 15 seconds. A Shimadzu microhardness tester HMV-M3, 
Newage Testing Instruments, Inc., Feasterville, PA, USA was used for this investigation. The 
reported hardness value was the average of the total of ten measurements made on the two 
orthogonal surfaces (longitudinal and transverse) of each specimen.   
5.2.4   Charpy impact testing 
The Charpy test measures the energy absorbed by a standard notched specimen while 
breaking under an impact load. All specimens subjected to Charpy impact test were conducted 
on a 8250 Dynatup Impact Test Machine. For each carbon content at least four specimens were 
tested. Specimens were machined according to the ASTM E23 02 standard [27] as shown in 
Figure 4.2. Then, the average value of the test results was taken as the material property. A 
weighted crosshead was released and was slid on guide bars. A steel flag on the carriage passed 
through the velocity detector block. The tup (instrumented load cell) attached to the crosshead 
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contacted the specimen. The velocity and load data were recorded and used to calculate the 
impact energy.  
5.2.5   Scanning Electron Microscopy (SEM) Imaging 
Scanning electron microscopy images of the samples after impact tests were taken by 
using a Field-Emission Environmental Scanning Electron Microscope (ESEM-FEG) with 
Energy-Dispersive Spectroscopy (EDS) (Philips XL30 ESEM-FEG, FEI, Hillsboro, Oregon, 
USA). No coating or any other sample preparations were done to image failed specimens. 
Energy Dispersive X-ray Microanalysis System was employed by using the JEOL 7000F 
Analytical SEM to quantify the chemical composition of covetic samples. The samples were 
machined and polished using MetaServ R 250 grinder - polisher from Buehler with sand papers 
having grit sizes 600, 1200, 2400 and 4000. Then, the samples were polished using the same 
grinder-polisher with polishing powder (3.0, 1.0, 0.3 and 0.02 micron de-agglomerated alpha 
alumina) in four stages with the help of polishing cloths.  At the final stage, the samples were 
placed in the Syntron vibro-polisher for 3- 4 hours using 50-70 nm diameter alumina colloidal 
gel. Samples were mounted on aluminum stubs of 2.5 cm diameter using superglue before 
placing them in a vibro-polisher. After polishing, the samples were cleaned by hot water in the 
ultrasonic bath and dried with air. At last, the samples were cleaned by IPA (isopropyl alcohol). 
These polishing steps were completed in the Fredrick Seitz Material Research Laboratory at the 
University of Illinois at Urbana-Champaign. 
5.2.6   XRD Analysis 
The powder XRD data were collected on a Bruker D8 Venture equipped with a four-
circle kappa diffractometer and Photon 100 detector.  An Iμs microfocus Cu source supplied the 
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multi-mirror monochromated incident beam.   The sample was dispersed in a minimum amount 
of paratone oil and loaded onto a 0.3mm loop and exposed for 180 seconds for each of several 
frames.  The frames were merged and integrated from 5 to 100 degrees 2θ.  The final spectrum 
data was normalized to facilitate pattern matching and a Chebyshev polynomial was used to 
correct the baseline.  
 
5.3   RESULTS 
5.3.1   Density measurement 
Theoretical densities were predicted by using the rule of mixtures as summarized in 
equation 5.1. To calculate density, we assumed the density of an amorphous carbon as 1.8-2.1 
g/cc and the density of 6061 Al as 2.70 g/cc (ASM Handbook). As shown in Table 5.1, the 
measured densities were same for both the materials and the value was 2.75 g/cc. 
 
 
 
Table 5.1.   Measured and theoretically obtained densities of 6061 Al covetics 
Material Measured Density 
(g/cc) 
Theoretical Density 
(g/cc) 
0 wt% C 2.75 ± 0.27 2.70 
2.3 wt% C 2.75 ± 0.18 2.68 - 2.69 
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5.3.2   Hardness testing 
Both Rockwell and Vickers hardness values for 6061 Al covetics are tabulated in Table 
5.2. It is seen from the table that the hardness increased with the addition of carbon in the  
6061 Al alloy. Rockwell and Vickers hardness increased by 10% and 51%, respectively, over 
control sample for the 2.3 wt% C in 6061 Al covetics. 
 
5.3.3   Charpy impact testing 
The experimental results of Charpy impact test on 6061 Al covetics (0 and 2.3 wt% C) 
are summarized in Table 5.3. It is seen from Table 5.3 that the maximum load for the 6061 Al 
covetics did not change but the maximum energy increased almost four times when compared to 
the control sample which had no carbon. 
 
 
 
Table 5.2.   Rockwell and Vickers Hardness of 6061 Al covetics 
Material Rockwell Hardness 
(HRB)  
Vickers Hardness 
(kgf/mm2) 
0 wt% C 38 ± 2.1 43 ± 3.2 
2.3 wt% C 42 ± 1.8 65 ± 5.1 
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Figure 5.1.  Charpy impact fracture surfaces of 6061 Al covetics. 
 
Photographs of the fracture surfaces of 6061 Al covetics with 0 and 2.3 wt% C after 
Charpy impact tests are shown in Figure 5.1. 
 
Table 5.3.  Charpy impact testing results of 6061 Al covetics 
Material Maximum Load 
(kN)  
Maximum Energy 
(J) 
0 wt% C 5.40 ± 0.20 3.14 ± 0.13 
2.3 wt% C 6.06 ± 0.23 12.08 ± 0.11 
   
 
0 % C 
2.3 % C 
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5.3.4   Scanning Electron Microscopy (SEM) Imaging 
 The Charpy impact fracture surfaces of 6061 Al covetics were imaged by the SEM and 
are shown in Figure 5.2. Figures 5.2 A, C show fracture surfaces of 6061 Al covetics with 0 wt%  
A
 
B
 
C
 
D
 
 
Figure 5.2.   SEM micrographs of Charpy impact fracture surfaces of 6061 Al covetics A) 0 
wt% C at 100x, B) 2.3 wt% C at 100x, C) 0 wt% C at 800x, and D) 2.3 wt% C at 800x.  
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C at 100x and 800x, respectively. Similarly, Figures 5.2 B and D show the fracture surfaces of 
6061 Al covetics with 2.3 wt% C at 100x and 800x, respectively.Energy Dispersive X-ray 
Microanalysis System (EDS) was used to quantify the chemical composition of 6061 Al 
covetics. We performed both area and point analyses to obtain the carbon content of the covetic 
materials as shown in Figure 5.3.  
 
 
Figure 5.3.   Example of area and point analysis on 6061 Al covetics. 
Box 1 in the figure indicates the area and 2 is the point. We used two different polished 
samples for each carbon content and acquired information on fifteen different areas and points 
and the average of the obtained data from the SEM-EDS analysis is summarized in Table 5.4. 
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Table 5.4   Carbon content of 6061 Al covetics by EDS 
Material Carbon content, wt% 
[Area Analysis] 
Carbon content, wt% 
[Point Analysis] 
0 wt% C 0.60 ± 0.203 0.40 ± 0.120 
2.3 wt% C 1.9 ± 0.520 1.3 ± 0.578 
 
 
 
5.3.5   X-ray Diffraction (XRD) analysis  
 Results on the 6061 Al covetics crystalline size, lattice parameter and lattice strain of the 
materials with two differetn carbon contents, obtained from XRD measurements, are shown in 
Figures 5.4-5.6. The covetic crystalline size decreased with the addition of carbon and changed 
from 33 nm to 29.5 nm in the 2.3 wt% C covetic (Figure 5.4). The changes in the lattice 
parameter values calculated from the shifts in peak position in the XRD patterns are illustrated in 
Figure 5.5. The lattice parameter found for the control sample was 0.40474 nm. It increased with 
the addition of carbon and reached 0.405081 nm. Figure 5.6 shows the variation of lattice strain 
with the carbon content. Lattice strain increased with the increasing carbon content. 
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Figure 5.4.   Effect of carbon addition on the average crystallite size of 6061 Al covetics. 
 
Figure 5.5.   Effect of carbon addition on the lattice parameter of 6061 Al covetics. 
0 wt% C 2.3 wt% C 
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Figure 5.6.   Effect of carbon addition on the lattice strain of 6061 Al covetics. 
 
5.4   DISCUSSION 
5.4.1   Density measurement 
 Experimentally obtained density for the 6061 Al covetic was slightly larger than the 
density found in literature for a 6061 Al alloy. The data was taken from the ASM handbook to 
predict the theoretical density. Also, the experimentally obtained density was the same for the 
covetics with two different carbon contents.  This was due to the fact that the covetics were 
manufactured with a small amount of carbon (2.3 wt% C) and the density of carbon is fairly 
similar to that of the 6061 Al. This could be the reason behind no change in measured densities. 
Theoretically predicted densities changed marginally due to the low amount of carbon which is 
slightly lighter than the elemental aluminum.  
0 wt% C 2.3 wt% C 
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5.4.2   Hardness testing 
Hardness values measured by both Rockwell and Vickers testers showed improvement 
with the carbon addition to the alloy. The experimentally acquired data was compared to that 
found in literature. In the Aluminum Association’s Engineering Data for Aluminum Structures 
Rockwell and Vickers hardness for 6061-T6 Al were reported as 60 HRB and 107 kgf/mm2. 
Vickers hardness for 6061-T4 Al was reported as 75 kgf/mm2 but Rockwell data for the same 
material was not found. The above mentioned values are higher than what we measured 
experimentally for the 6061 Al covetics. It is to be noted that these materials were heat treated 
and our covetics were not. We could not find hardness data for the 6061 Al with no heat 
treatment, i.e. T0 condition. In Chapter 3, it was shown that hardness increased with the 
increasing carbon content. For the 6061 covetic, we only received the material with 2.3 wt% C.  
Materials with higher carbon content might show further improvements in hardness values for 
covetics even with no heat treatment. 
5.4.3   Charpy impact testing 
 Typically, tough materials absorb a lot of energy, while brittle materials tend to absorb 
very little energy prior to fracture. Our Charpy impact test results contradicted the above 
statement as we observed higher hardness values for 2.3 wt% C covetics in both scales - 
Rockwell and Vickers - shown in Table 5.2. Figure 5.1 showed a ductile fracture surface of the 
control covetic which had no carbon and the one with 2.3 wt% C showed a shiny brittle fracture 
surface which validated our hardness results. This was discussed in Chapter 4 where we showed 
that toughness (area under stress-strain curve obtained from tensile testing) increased as the 
hardness of the 10200 Cu covetics increased with the addition of carbon. However, because of 
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shortage of materials we were not able to conduct tensile tests on the 6061 Al covetics to 
measure tensile strength and toughness. Therefore, we could not further investigate the relations 
between hardness, strength and toughness for the 6061 Al covetics as we did in Chapter 4 for the 
10200 Cu covetics. 
 We compared our Charpy impact test results with the data for commercially available 
6061 –T4 Al alloy. This data was collected in the Materials Testing Instructional Laboratory 
(MTIL) of University of Illinois at Urbana- Champaign. Under the same testing conditions and 
specimen dimensions, 6061–T4 Al showed better properties than our covetics (9.46 kN 
maximum load and 26.63 J maximum energy). Again, we would like to conclude that our data is 
based on only one material that we received from TM2 (with 2.3 wt% C). 6061 Al covetics with 
higher wt% C might show same or even better energy absorption characteristics than the heat 
treated sample.  
5.4.4   Scanning Electron Microscopy (SEM) Imaging 
 We observed rough ductile surface in the photographs of fracture surfaces in Figure 5.1. 
The same trend was seen earlier in the SEM micrographs of the covetic samples. Figures 5.2 A, 
C showed fracture surfaces of 0 wt% C and while in B, D 2.3 wt% C samples were illustrated at 
100x and 800x, respectively. Figures 5.2 A and C looked more rough while B and D revealed 
comparatively the more brittle failure surface appearance. 
 Table 5.4 showed that the amount of carbon in each sample was lower than the target 
wt% carbon reported by manufacturers.  It was also seen that the area analysis showed more 
carbon than the point analysis which was expected as the area might contain some phases of 
carbon along with the amount of carbon integrated in the matrix. Note that the control sample 
 121 
 
(manufactured with no added carbon) also showed some amount of carbon. The amount of 
carbon in the 0 wt% covetic is the result of contamination due to the carbon electrodes of the 
reactor, carbon mixer and the carbon crucible during manufacturing process. 
 
 
 
Figure 5.7.   SEM-EDS analysis of 6061 Al covetic with 0 wt% C. 
 
Figures 5.7 and 5.8 showed detailed SEM-EDS microanalysis of 6061 Al covetics. 
Quantitative element measurements were done on covetic samples to acquire information on the 
phases present in covetics. Two random points were examined on 6061 Al covetic with 0 wt% C 
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(Figure 5.7). Small amount of carbon was found in the aluminum matrix. Figure 5.8 showed 
Aluminum Carbide (Al4C3) at point 1, Al rich matrix at points 2, 3 and 4 and Fe3SiAl2 particles 
at point 5 and Mg2Si particles at point 2. According to the ASM Handbook, these phases are 
expected to be present in 6061 Al alloy along with carbon.  
 
 
Figure 5.8.  SEM-EDS analysis of 6061 Al covetic with 2.3 wt% C. 
 
5.4.5   X-ray Diffraction (XRD) analysis 
Grain-boundary strengthening is one of the methods of strengthening materials by 
changing their average crystallite (grain) size. It is based on the observation that grain boundaries 
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impede a dislocation movement and that the number of dislocations within a grain has an effect 
on how easily dislocations can traverse grain boundaries and travel from grain to grain. 
Therefore, by changing the grain size dislocation movement the yield strength can be influenced. 
According to the Hall–Petch effect, metals show an increase in strength with decreasing grain 
size due to the pile up of dislocations at the crystal boundaries (discussed in Chapters 3 and 4). It 
was observed from the results obtained by XRD analysis that average crystalline size decreased 
and both the lattice parameter and the lattice strain increased with the addition of carbon. This 
could be the explanation for observing higher hardness values for covetics with higher carbon 
content. The addition of carbon decreased the average crystallite size which could have 
contributed to the higher hardness for the 2.3 wt% C covetic material. 
 
5.5   CONCLUSIONS 
 In this study, we conducted a systematic study on the 6061 Al covetics to address the 
carbon addition related changes in all three aspects: the structure, composition and mechanical 
properties. The results from the experiments of the 6061 Al covetics demonstrated that the 
mechanical properties, structure and composition changed with the addition of carbon in the 
6061 Al manufactured by covetic process. Energy absorption increased almost four times in the 
materials with incorporated carbon. Rockwell and Vickers hardness increased by 10% and 51% 
respectively with the increase in the carbon content. Photographs of the failed specimens and 
SEM micrographs illustrated a ductile to brittle-like change on failure surface due to the added 
carbon. SEM-EDS quantified the amount of carbon and the phases present in the studied 
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materials. The reasons for the improved mechanical properties could be explained by the XRD 
analysis. 
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CHAPTER 6: CONCLUSIONS, LIMITATIONS AND RECOMMENDATIONS 
 
This dissertation focused on the characterization of the three types of covetic materials: 
rolled 7075 Al with 0, 3, and 5 wt% C, as cast 10200 Cu with 0, 3, 5, and 9 wt% C, and 6061 Al 
with 0 and 2.3 wt% C, all made using a covetic process. In order to characterize the structure, 
chemical composition and properties of these materials several experimental techniques (XRD, 
SEM, XPS, and mechanical tests) were employed. Our experimental results demonstrated how 
the changes in the carbon content influenced the structure and mechanical properties of covetic 
materials. The following points summarize the obtained results: 
1. XRD results indicated that the lattice constant increased while the average crystallite 
size decreased with the addition of carbon in Al and Cu alloys made by covetic 
process. 
2. Quantification of the amount of carbon present in these materials was carried out by 
SEM-EDS and XPS studies. Measured carbon content values were smaller by 
approximately a factor of two than the amounts used during a covetics manufacturing 
process. 
3. Mechanical tests showed an increase in mechanical properties (0.2% yield strength 
and ultimate tensile strength) of aluminum-based covetics with the addition of carbon 
in these materials. Elastic modulus showed no change. 
4. 10200 Cu covetics showed an increase in the mechanical properties with the addition 
of carbon. Best results were obtained for 3 wt% C while higher carbon contents 
resulted in decreasing mechanical properties.  
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These conclusions are based on a limited number of samples (supplied by TM2) 
manufactured using the covetic process and specific post-processing methods. They apply to the 
covetic materials studied in this dissertation, but not necessarily the whole class of covetic 
materials. This study is just an initial investigation of these very interesting and complex 
materials. 
As for the future recommendations, in addition to the techniques used, many additional 
characterization techniques could be employed to further analyze these materials. In particular, a 
more comprehensive study is needed to understand the effects of processing on the structure and 
properties of these materials. Additional recommendations are as follows: 
1. Several techniques used here could be further explored. For instance, image processing 
software could be used to process SEM images to obtain quantitative information such 
as the porosity and carbon content.  
2. Mechanical tests could be conducted at different strain rates and temperatures. 
3. Comprehensive study could be done on how various processing and post processing 
variables influence properties of covetics. 
4. Additional techniques such as TEM could be used to study dislocation-based 
deformation mechanisms in covetics.  
5. Electron backscatter diffraction (EBSD) and SEM of etched polished samples could 
help to increase knowledge of the grain size, crystal orientations, and texture. 
6. Aluminum-based covetics with higher carbon contents could be studied to determine 
the optimum carbon content for the enhancement of mechanical properties.  
7. Results reported in this study apply to covetics with no heat treatment. Other post 
processing methods involving heat treatments could produce new results. 
 130 
 
8. Further investigation is needed to determine the exact nature of the form of carbon and 
the interaction of carbon with metals resulting from the covetic manufacturing process. 
9. Electrical and thermal conductivities of covetics could be measured.  
10. Corrosion resistance could also be investigated. 
11. Studies on formability and welding could be done. 
12. Finally, computational and analytical methods could be used to simulate the behavior 
of these materials and obtain predictive models.  
In summary, these reported results are only the beginning and we hope that they will 
stimulate further investigations of these very interesting materials. 
 
